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ABSTRACT 
Controllable Free-Volume in Polymer-Grafted Nanoparticle Membranes: 
Origins, Characterization and Applications 
Eileen Buenning 
Polymer based membranes play a key role in several industrially important gas separation 
technologies, e.g., removing CO2 from natural gas, with enormous economic and environmental 
impact. In this thesis, we develop a novel hybrid membrane construct comprised entirely of 
inorganic nanoparticles grafted with polymer chains. For all graft architectures studied, the 
permeability of several small gases and condensable solvents are higher in GNP membranes than 
the neat polymer analogs. More interestingly, the matrix-free GNPs displayed a non-monotonic 
peak in gas permeability as a function of grafted chain molecular weight, 𝑀𝑛, at a fixed grafting 
density, 𝜎. Furthermore, in contrast to neat polymer membranes, which suffer from degraded 
performance over time due to chain densification and “aging”, the performance of GNP 
membranes is preserved for months to years. We show that these enhancements are not limited to 
a single polymer, thus we suggest that this grafting mechanism may be an option to improve 
permeability in polymer membranes in general.  
We conjecture the grafted polymer chains must stretch to fill the interstitial voids in the NP 
“lattice”, as such voids would be free-energetically unfavorable due to the relatively high surface 
tension of the polymer melt. Since this stretching leads to an unfavorable chain conformational 
entropy, we expect a decrease in the polymer density, which we verify experimentally as well as 
through molecular dynamics simulations. When a penetrant molecule is placed in these regions of 
highest distortion, the chains can assume more favored, undistorted conformations. This in turn 
creates a driving force for further penetrant uptake. Therefore, we systematically study the 
structure and dynamics of matrix-free GNP materials at various chain grafting densities and a wide 
range of graft molecular weight. Small angle scattering experiments reveal that the core 
nanoparticle spacing systematically increases with increasing molecular weight but the overall 
morphology remains amorphous and isotropic. Whereas previous studies1 have found the brush 
height in matrix-free GNPs scales as the degree of polymerization ~𝑁0.5, we find that the brush 
height in our systems scales ~𝑁0.7, indicating the chains are indeed highly stretched. Moreover, 
studies of the structural evolution upon swelling with solvent show that the brush is fully wetted 
and the solvent distribution is homogeneous within the film. 
Additionally, we systematically probe the dynamics of matrix-free GNP systems over 
broad length and time scales using linear and non-linear mechanical rheology, and broadband 
dielectric spectroscopy. The linear viscoelastic response shows that while the polymeric signal 
(e.g. glassy and Rouse dynamics) is equivalent for a range of graft chain lengths, the terminal flow 
of these materials is slowed by several decades compared to the neat melts of corresponding 
molecular weight. The low frequency (long time) response shows that below a critical molecular 
weight, these systems transition from polymeric to that of a colloidal system. To understand this 
behavior, a scaling theory is developed to describe the polymer brush conformation, which reveals 
that at this transition point the grafted particles behave as a system of packed “rigid” spheres. We 
note that the transition point coincides with the maximum observed in the transport behavior, and 
that the reduced system mobility may be responsible for the reduced aging effects. On the other 
hand, secondary relaxations for GNPs at this transition molecular weight are found to be faster 
than the neat polymer of corresponding molecular weight, which is attributed to a lower effective 
polymer density found in these samples. Therefore, the critical question underpinning this work 
is: how do the structure and dynamics influence and/or result from increased free volume in matrix-
free grafted nanoparticle materials? We conclude that matrix-free grafted nanoparticle constructs 
allow for precise control of structure-property relationships over multiple length scales, and serve 
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Chapter 1  
Introduction 
 
Polymer nanocomposites are attractive due to their ability to combine low-cost, lightweight 
polymers with inorganic fillers to create materials with tunable mechanical, optical, and dielectric 
properties2. The macroscopic properties of these hybrids are heavily influenced by the multiscale 
organization as well as complex interactions between the filler and polymer matrix; thus, the 
remarkable properties of polymer nanocomposites are difficult to control and may be temporally 
unstable. One popular method to address these instabilities involves covalently linking the 
polymers to the surface of nanoparticles to create single-component grafted nanoparticles (GNP), 
which prevents segregation of the nanoparticle cores and significantly improves dispersion.1,3  
One particular area of interest where performance of polymer nanocomposites, and 
specifically grafted polymer nanocomposites, is not well studied is that of membranes for gas 
separation. We find that membranes constructed of matrix-free GNPs, where no additional free 
polymer chains were added (“matrix free”), exhibited remarkable increases in permeability of both 
condensable solvents and lightweight gases relative to that of the neat polymer, with minor effects 
on selectivity (presented in Chapter 2).4 More interestingly, the matrix-free GNPs displayed a non-
monotonic peak in permeability as a function of grafted chain molecular weight, 𝑀𝑛, at a fixed 
grafting density, 𝜎. Within the context of the interesting transport properties of these materials, 
this thesis addresses the structure (Chapter 3) and dynamics (Chapter 4 & Chapter 5) of matrix-
free GNPs where the polymers are of similar size scale as the nanoparticle cores over a wide range 
of length (~10nm to >1µm) and time scales (from long-time, GNP diffusion through sub-second 
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secondary relaxations such as side chain rotation). We compare these properties to that of pure 
homopolymer melts in order to rationalize unique shifts in properties relevant to applications, such 
as gas separation membranes. 
1.1 Gas Separation via Polymeric Membranes 
The U.S. Energy Information Administration projects natural gas consumption will 
increase from 27.5 trillion cubic feet in 2016 to nearly 35 trillion cubic feet by 2050, with shale 
gas expected to supply more than half of this increase.5 While natural gas provides a valuable 
source of raw materials as well as a clean-burning energy source, processing crude natural gas is 
technically challenging, costly and energy intensive.  
Crude natural gas contains varying levels of impurities with the most critical being acidic 
gases such as carbon dioxide (CO2) and hydrogen sulfide, and condensable natural gas liquids 
(NGLs).6 Removal of acid gases is vital as they lead to extensive internal corrosion of pipelines, 
resulting in eventual rupture. For example, in 2000, a natural gas pipeline burst due to severe 
internal corrosion and the resulting blast killed 12 campers near Carlsbad, NM. 7 Similar to acid 
gases, NGLs also pose a threat of corrosion if the temperature of the pipeline drops below the dew 
point and condensate is formed. In addition to the negative impacts, pure NGLs are value-added 
products and so removal is also economically motivated. The current favored natural gas 
purification methods require conventional absorbers (acid gases) and cryogenic distillation 
(NGLs), which are both costly. NGL removal can be exceedingly difficult if mixtures with similar 
boiling points or azeotropes are present.8  
The use of polymer membranes to selectively separate gas mixtures for various 
applications is well-established.9–18 Membrane separations require a lower energy demand than 
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conventional technologies (e.g. distillation or adsorption) and are more cost efficient, but on the 
other hand, are limited by a tradeoff between gas permeability ( 𝑃𝑖 , proportional to product 
throughput) and selectivity (𝛼𝑖𝑗 =
𝑃𝑖
𝑃𝑗
, which dictates product purity). The inverse correlation 
between 𝑃𝑖 and 𝛼𝑖𝑗 constrains the performance of these materials, and is captured by the empirical 
Robeson Upper Bound9–12 which defines the current best possible membranes for a given gas 
separation. Other practical considerations, such as the temporal and mechanical stability of most 
polymer membrane materials, have also limited their large scale implementation in many key gas 
separations.  
 For many applications, glassy polymers emerge as the best among those available for 
membrane-based separations. In glassy, nonporous polymers the solution-diffusion mechanism 
controls transport—solute dissolves into the feed-side membrane surface and diffuses through. 
The material’s permeability is then given by the expression 𝑃𝑖 = 𝐾𝑖𝐷𝑖  where 𝐾𝑖 is the partition 
coefficient and 𝐷𝑖  the diffusion coefficient.
10–12,19,20 Glassy polymers are typically diffusion 
selective, that is, 𝛼𝑖𝑗 is primarily controlled by the difference in 𝐷𝑖 between the two permeating 
species. A useful concept here is statistical “free volume”, the unoccupied volume in the condensed 
state subject to rapid spatio-temporal fluctuations.19–22 This is to be distinguished from static 
micro/nano-porosity, i.e., static voids in the material with well-defined, temporally stable 
geometric characteristics.  Free volume fluctuations in polymer-based materials often arise from 
inefficient polymer chain packing coupled to local chain dynamics. It is generally well-accepted 
that 𝐷𝑖  can be manipulated by free volume variations, which is thus thought to be highest in 
amorphous polymer systems that possess a stiff backbone, and possibly local kinks due to 
geometric isomerism.23  Such materials also inevitably exhibit high glass transitions. To date, these 
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architectures are almost always achieved by synthetic means,13,24 e.g., synthesis of new polymers 
with bulky side groups and/or stiff, irregular backbones, that serve to frustrate local packing and 
hinder chain dynamics. For example, for CO2/CH4 separations there have been >300 unique 
polymers synthesized. These synthetic approaches have demonstrated the value of enhancing and 
controlling membrane free volume.  It is relevant to note that in many cases polymers designed 
with high free volumes are susceptible to degradation in performance associated with aging as the 
non-equilibrium glassy polymers relax to a more efficient packing state.25–28 For example, 
Poly(trimethyl-1-silyl pentyne) (PTMSP) one of the most permeable polymers studied in the 
literature, loses up to 90% of its O2 permeability within 10 days of initial membrane fabrication.
29 
Several studies have examined the effect of aging on membrane permeability.  These have shown 
a temporal decrease in permeability directly correlated with an apparent reduction in the free 
volume available for molecular transport.27 Therefore, an important practical limitation of many 
current membrane systems is that free volume, and thus permeability, is difficult to systematically 
tailor in a temporally stable fashion. The stable control of free volume to rationally design 
membranes thus remains an open challenge.9,13,19  
It has been well-established that mixed matrix “composite” systems of nanoparticle filler 
dispersed in polymer can substantially increase the mechanical strength relative to that of a neat 
polymer melt 2,30 and reduce physical aging.31,32  Both of these effects are critical parameters 
limiting implementation of membranes in industry.  In pioneering experimental work, Freeman et 
al. found that the addition of bare nanoparticles to a glassy polymer can also favorably modify the 
free volume of the polymer.33–35 This methodology empirically achieves large increases in both 𝑃𝑖 
and reverse selectivity relative to the pure polymer for CH4/ nC4H10 in poly(4-methyl-1-pentyne) 
membranes. This result is surprising as conventional composite theory (e.g., Maxwell model) 
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), where 𝑃𝜙 and 𝑃𝑏 are the permeabilities of the composite and neat polymer, respectively, 
without affecting selectivity.36 Freeman et al. hypothesized that their unexpected results arise from 
additional free volume caused by the incompatibility of the hydrophilic nanoparticle and 
hydrophobic polymer.37 Unfortunately, this incompatibility commonly causes the nanoparticle 
dispersion state to be strongly affected by membrane preparation. For example, Paul et al. 38   report 
very different effects of nanoparticle addition on permeability, which appear to be intrinsically 
linked to the various nanoparticle dispersion states obtained from different processing methods. 
The stability of the nanoparticle dispersion can also be significantly affected by the presence of a 
permeating species in the composite material, which can cause the polymer phase to swell and the 
dispersion to rearrange.  For example, Hoang et al. have shown that the total number of quantum 
dot aggregates in a poly(methyl methacrylate) (PMMA) film exposed to chloroform decreased 
significantly as the loading of chloroform in the composite increased.39 Other work by Janes 
showed how the dispersion state of silica nanoparticles in poly(methyl acrylate) (PMA) is altered 
upon solvent annealing.40 Thus, while improved performance is sometimes observed, this outcome 
is not reproducible, controllable or temporally stable.  
Covalently grafting polymers to nanoparticle surfaces on the other hand has been shown to 
mitigate some of undesirable effects of morphological instability found in conventional 
nanoparticle/polymer composites. Previous work has established that polymer tethered 
nanoparticles cannot spuriously aggregate and can sometimes crystallize into well-defined ordered 
arrays, with the grafts filling the space between the cores.3,41 Stabilizing the dispersion, may afford 
more control over the performance in gas separation membranes. Simultaneously, these 
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hierarchical nanoparticle architectures can be systematically manipulated through parameters such 
as grafting density and grafted chain length, which may result in precise tunability and/or control 
without resorting to more intensive synthetic methods.  
Building on these insights, Chapter 2 systematically explores the capabilities of a novel 
mixed matrix construct composed purely of spherical nanoparticles isotropically grafted with long 
polymer chains and investigate their potential as high-performance separation membranes.42  
Steady state permeation of both light gases (e.g. CO2, CH4, C4H10) and condensable solvent vapor 
are investigated using a permeation cell. This method involves measuring the equilibrium 
downstream pressure of a given penetrant at a known temperature and upstream pressure. 
Additionally, we study the kinetic diffusion using a quartz crystal microbalance (QCM) technique. 
The QCM can detect nanogram mass changes in real time as a film absorbs a given penetrant 
species, from which the diffusivity and solubility can be extracted. To study the free volume of 
these grafted nanoparticle membranes, we use positron annihilation lifetime spectroscopy (PALS), 
which quantifies the size of a “free volume element”. The overall fractional free volume can then 
be calculated using detailed density measurements of the composite and compare to the neat 
polymer melt. We address the aging of these materials by systematically testing the permeability 
over the course of several months to years. Finally, we use molecular dynamics simulations to 
predict how the structure of these materials may affect the distribution of free volume, and 
therefore the permeability of small penetrants. 
To better comprehend the results presented in Chapter 2, we study the structure of matrix-
free grafted nanoparticles in systems where the size of the polymer brush is relatively of the same 
size scale as the nanoparticle core. The dry-state dispersion structure as a function of graft density 
and molecular weight is extensively studied via transmission electron microscopy (TEM) and 
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small angle X-ray scattering (SAXS). Additionally, we probe the distribution of a small molecule 
penetrant in a swollen film of matrix-free GNPs to investigate whether the grafted brush swells 
homogenously or solvent is preferentially absorbed to discreet locations within the film using in-
situ SAXS and small angle neutron scattering (SANS). Results of the morphology studies are 
presented in Chapter 3.  Furthermore, we probe the dynamics of such matrix-free composites over 
a broad range of time scales. Mechanical rheology studies in both the linear and nonlinear regime 
are presented in Chapter 4 are used to study the relaxation processes from the polymer segment 
through entire grafted nanoparticle diffusion and give insight to long-time dynamics which may 
affect transport properties, specifically aging characteristics. In Chapter 5, broadband dielectric 
spectroscopy measurements are used to study segmental and secondary relaxation processes of 
matrix-free grafted nanoparticle materials and how differences from the pure polymer melt or 
physical mixtures of linear chains and bare nanoparticles can explain gas transport mechanisms of 
these materials. We supply in the remainder of this introduction brief overviews of each study. 
  
1.2 Structure and Morphology of Polymer Grafted Nanoparticle 
Systems 
The structure of polymer grafted nanoparticles, with or without free polymers, has been 
intensively investigated in recent years due to their benefit of enhanced control over the spatial 
distribution of the fillers within the composite. 1,3 Various parameters such as the molecular weight 
of the grafted chains, grafting density, as well as the interactions between the brush and any matrix 
chains, were found to have dramatic effect on the dispersion behavior.3,42–45 The macroscopic 
properties of these hybrid materials are heavily influenced in turn by the multiscale organization 
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of the grafted particles.  In Chapter 3 we investigate the structure of these materials to explore the 
origins of the non-monotonic trend with graft molecular weight of membrane performance (and 
the related apparently enhanced free volume) using a combination of microscopy and small angle 
scattering. This section provides a brief overview of the key aspects of scattering theory and our 
experimental approach. 
The elastic interaction of matter with a beam of energy (light/X-rays) or particles (neutrons) 
can give detailed information on the arrangement of atoms and molecules as well as relatively 
large particles and crystal grains. For example, when a neutron from an incident beam interacts 
elastically with the nucleus of an atom from the sample in question, it is scattered in a different 
direction. The difference in the incidence, 𝑘𝑖, and scattered, 𝑘𝑓, wave vectors is defined as the 
scattering vector, 𝑞 = 𝑘𝑖 − 𝑘𝑓. The magnitude of 𝑞 is defined as: 𝑞 =  
4𝜋
λ
sin 𝜃 2⁄ , where 𝜆 is the 
wavelength of the neutron beam (both incident and scattered if the collision is elastic) and 𝜃 is the 
angle between the incident and scattered vectors. Experimentally, we can measure the scattering 
intensity (number of scattered neutrons in a given solid angle) from 𝑛 particles in a solution as a 
function of 𝑞: 
 𝐼(𝑞) = ∑ [(Δ𝜌𝑖𝑉𝑖)
2𝑃(𝑞)]𝑛𝑖 𝑆(𝑞) (1.1) 
where Δ𝜌𝑖 is the difference in scattering length density (i.e. the contrast) between the particles and 
solvent, 𝑉𝑖 is the volume of a particle, 𝑃(𝑞) is the particle form factor and 𝑆(𝑞) is the structure 
factor. The scattering length density measures the interaction between the incoming neutron and 
nucleus of atoms in a molecule/particle. The term ∑ [(Δ𝜌𝑖𝑉𝑖)
2𝑃(𝑞)]𝑛𝑖  defines the intra-particle 
interactions, summed over all the particles in the system. The form factor contains information 
regarding the geometry of the particles (e.g. spheres, rods, micelles, etc.). The structure factor 
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defines the inter-particle interactions and contains information on how the particles are distributed 
in space. In the dilute limit, lim
𝑛→0
𝑆(𝑞) = 1. By fitting the scattering intensity function with various 
theoretical models, we can gain quantitative information about the particle shape, size and 
distribution in space. The same principles apply to the scattering of X-rays, except that 𝜌𝑖 measures 
the interaction between an incident X-ray and the electrons of an atom instead of the nucleus.   
However, because neutron scattering interacts with the nuclei of a sample, this technique 
benefits from the ability to manipulate ∆𝜌𝑖 through isotopic labeling, specifically the exchange of 
deuterium atoms for hydrogen atoms. In general, the substitution of D for H atoms does not 
significantly alter the properties of a material, but the interaction of a D atom with a neutron is 
very different than that of an H atom.  The ability to change the contrast of the system offers the 
potential to amplify or suppress the scattering signal relative to other species within the sample to 
probe structures of various constituents and length scales. This is a particularly powerful tool in 
multi-component and/or polymeric systems where various structures can be parsed out through 
clever isotopic labeling schemes which would otherwise be indistinguishable using other methods 
such as X-ray scattering. 
In one line of investigation, we measure the dry state structure using SAXS (coupled with 
TEM) to understand how molecular weight and grafting density affect core particle arrangement. 
We adapt a pair distribution function analysis (PDF) commonly used in atomic systems to analyze 
nanoparticle correlations embedded in the SAXS data. Taking the Fourier transform of the 𝑆(𝑞), 
yields the pair-correlation function, 𝐺(𝑟), which describes the probability of finding another atom 
(or particle center) at a given distance 𝑟 from a reference atom. By analyzing the 𝐺(𝑟) in real 
space, we can identify more subtle effects of 𝑀𝑛 on the structure of these materials such as the 
correlation length and directionality of any ordered structures that may exist. We also apply this 
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analytical method to a similar range of 𝑀𝑛  for a higher grafting density to show the effect of 
grafting density on the structure. We demonstrate that for a range of molecular weights and two 
grafting densities, the core particles are isotropically well dispersed. Moreover, the inter-particle 
spacing increases monotonically as molecular weight increases and the brush scales as highly 
stretched as a function of molecular weight. 
Additionally, the transport data suggest that over the range of graft molecular weight where 
permeability is enhanced, the polymer chains likely stretch to fill the interstitial voids between the 
nanoparticles cores, thus sacrificing some of their conformational entropy. We seek macroscopic 
manifestations of this chain stretching. Two possibilities are considered: (i) the polymer specific 
volume increases homogeneously and isotropically in the nanocomposite (relative to the neat 
polymer), or (ii) discreet, local regions between grafted particles where the chains are maximally 
stretched so that when a penetrant molecule is placed in these regions, the chains can assume more 
favored, undistorted conformations. This, in turn, creates a driving force for penetrant uptake, 
where solvent is preferentially segregated within the interstitial spaces. The preferential placement 
of the solvent (if any) could provide a means to understand the mechanism by which the GNPs 
yield higher membrane permeabilities for gases.  Therefore, in the second part of Chapter 3, we 
investigate the morphology of core particles in a thin film as it swells in solvent using in-situ 
SAXS. Furthermore, we attempt to determine if the solvent preferentially accumulates in specific 
regions of the films by using contrast variation SANS and systematically varying the scattering 
length density of the solvent. We find that as films of matrix-free grafted nanoparticles swell with 
a small molecule solvent, the penetrate is absorbed homogeneously within in the film and therefore 
we conclude the enhanced free volume of these materials is distributed homogeneously within the 
polymer corona.  
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1.3 Dynamics of Matrix-Free Grafted Nanoparticles 
 
 As macromolecular constructs, polymeric systems exhibit multiple modes of relaxation on 
various length scales. For simple systems of linear homopolymers, on the shortest length and time 
scales, the secondary relaxation processes (e.g. 𝛽, 𝛾) are generally attributed to localized side 
group rotation off a single backbone monomer. The characteristic relaxation time of this process 
has an Arrhenius temperature dependence with an activation energy ~2-20kT (where k is the 
Boltzmann constant and T is temperature in Kelvin).46,47   On a slightly larger length scale of order 
~ a few monomers, the so-called Kuhn segments cooperatively relax together. This process is 
typically called the segmental relaxation process (𝜏0) or alpha process (𝜏𝛼). The temperature where 
𝜏𝛼 = 100 seconds is typically comparable to the calorimetric glass transition temperature with a 
cooling rate of 10oC/min. The temperature dependence of this process can be empirically described 
by Vogel-Fulcher-Tammann (VFT) equation or Williams-Landel-Ferry equations (WLF) which is 
more frequently used for polymers.48,49 When many Kuhn segments move together, the chain 
relaxes within a “tube” of a defined size, where motion is confined by neighboring chains.47,50,51 
When the chains are short, i.e. 𝑀𝑛 < 3𝑀𝑒, where 𝑀𝑒 is the entanglement molecular weight, the 
melt is considered to be “unentangled”. In this case, the Rouse time, 𝜏𝑅, is defined as the time 
required for the chain to diffuse a distance on the order of its size and scales as 𝜏𝑅 ∼ 𝜏𝛼𝑁
2 where 
N is the number of Kuhn segments per chain.52 When 𝑀𝑛 > 3𝑀𝑒, entanglement dynamics become 
important.47,51 In this regime, chain relaxation can only be realized through diffusion along 
topologically defined tubes. As the chain ends gradually relax around the entanglement points 
through reptation, eventually the chain is freed from these local constraints. The characteristic 
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chain relaxation time is 𝜏𝑑 = 3𝑍𝜏𝑅 according to the Edwards tube model, where 𝑍 =
𝑀𝑛
𝑀𝑒
⁄  is 
the number of entanglements per chain.47,53. Following this regime, terminal flow is achieved 
where the individual polymer coils are no longer entangled with their neighbors and achieve liquid-
like flow past one another.   
The addition of nanoparticles to a polymer matrix with strong particle-polymer attractions 
has been shown to affect strongly the relaxation processes introduced above due to strong surface 
anchoring (from either adsorption or covalent grafting).  For example, in terms of segmental 
dynamics, it was hypothesized chain segments closest to the particle surface were immobile, 
creating a “dead” or “glassy” layer.54 More recently, it has been suggested that this interfacial layer 
is still mobile, although the relaxation time scales may be significantly longer than that of the bulk 
polymer.55–59 In matrix-free grafted polymer nanocomposites, it has been shown that these systems 
behave akin to soft glasses and generally their dynamics are even slower than conventional mixed 
composites. 44,45,60,61  For example, Kim et al. reported studies on grafted chain dynamics in matrix-
free systems, and found that for short cis-1,4-polyisoprene chains densely grafted to silica 
nanoparticles, chain dynamics are slowed by orders of magnitude compared to untethered chains.61 
These effects were most profound at low grafting density and molecular weights below 𝑀𝑒. To 
explain their findings of the larger separation between the chain dynamics and segmental dynamics 
in tethered chains versus untethered chains of comparable 𝑀𝑛, they proposed that grafted chains 
interpenetrate into the brushes of neighboring grafted particles in an attempt to uniformly fill the 
space between the particle cores. The entanglements between the grafted nanoparticles render the 
anchor points more or less “fixed”, and the polymer chains become “jammed”. In the jammed 
state, the energy required for the chains to disentangle and flow is higher than the thermal energy 
in the system. Similarly, for star polymers, researchers have found that for arm lengths longer than 
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the entanglement molecular weight, these systems must first undergo arm-retraction for the system 
to relax fully, adding an additional activated barrier for relaxation.62–65  
Here we provide a systematic characterization of the dynamics of matrix-free grafted 
nanoparticles ranging from secondary relaxations through the terminal regime as a function of 
graft density and brush molecular weight, which has to date not yet been performed. We study the 
effects of grafting as well as confinement imposed by neighboring grafted particles on the 
relaxation mechanism of these systems. Using mechanical rheology in the linear regime, we show 
in the first half of Chapter 4 that the Rouse dynamics of the grafted polymer chains appear 
unaffected when compared to the pure polymer melt. However, the long-time reptation and 
diffusion of an entire grafted particle is slowed by several decades in frequency, and this 
retardation of dynamics is most heavily influenced by chain molecular weight. We postulate the 
slowed dynamics leads to the reduction in aging effects on the permeability. Additionally, we find 
a cross over molecular weight where these systems transition from a more liquid-like system to 
that of a colloidal solid. Interestingly, this transition appears in the same molecular weight range 
as the peak permeability enhancement detailed in Chapter 2. Therefore, we develop a scaling 
theory to explain how brush architecture affects the long-time diffusion and this mechanical 
transition.   Furthermore, we comment on the effects of grafting on the mechanical properties of 
these materials using both linear and non-linear rheology, the latter of which is detailed in the 
second part of Chapter 4. 
Acknowledging, however, that molecular diffusion occurs on much shorter time scales 
relative to that of polymer chain reptation, we also probe the segmental and secondary relaxation 
processes of GNPs and compare to those of the neat polymer melts using broadband dielectric 
spectroscopy (Chapter 5). We show that the presence of nanoparticles significantly slows the 
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segmental relaxation time, however in the grafted nanoparticle systems, the secondary relaxation 
processes shows non-monotonic behavior with molecular weight. For low and high 𝑀𝑛, the grafted 
system essentially follows the neat secondary dynamics. But for intermediate 𝑀𝑛 , we see the 
grafted system has faster secondary dynamics than the corresponding neat. The faster secondary 
dynamics may further confirm there is more local free volume in the intermediate 𝑀𝑛  grafted 
samples, and hence faster diffusion, that was explored in Chapter 2. 
The behavior of matrix-free GNP materials is clearly more complex than that of 
conventional mixed composites. In addition to enhanced control of nanoparticle dispersion, these 
hierarchical systems have surprising transport and mechanical properties which would be 
unexpected from a purely combinatorial perspective. This class of materials may therefore have 
far ranging applications, a few of which we explore in the remainder of this thesis.  
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Chapter 2  
Some of the content of this chapter is adapted with permission from C. R. Bilchak, E. Buenning, et al., “Polymer-
Grafted Nanoparticle Membranes with Controllable Free Volume,” Macromolecules, vol. 50, no. 18, pp. 7111–7120, 
2017. Copyright 2017 American Chemical Society.  
Polymer-Grafted Nanoparticle Membranes with 
Controllable Free-Volume 
 
Baker13,24, suggests that the best hopes for transformative improvements in membrane 
performance is by using novel materials and constructs, including metal-organic frameworks, 
molecular sieve materials,  and mixed matrix membranes. Our method, then, to creating next-
generation gas separation materials is that of matrix-free polymer grafted nanoparticle membranes. 
This approach naturally circumvents the issues of phase separation between the inorganic 
nanoparticle core and the organic polymer tether, by a phenomenon that is analogous to 
microphase separation in diblock copolymers.66–68 Computer simulations demonstrate that these 
systems must reconcile the conflicting drive for the nanoparticles to locally order against the 
polymer chains having to distort to fill the interstices (see below). This competition evidently 
creates spatial regions of somewhat lower density over a range of polymer graft densities and chain 
lengths. Multiple experimental probes verify this picture, and imply that this additional free 
volume in the composites leads to elevated permeabilities for both light gases and condensable 
solutes. Thus, one can manipulate solute permeabilities predictably by varying graft density and 
chain length. The grafting process is also shown to mechanically reinforce the polymer. 
Importantly, aging effects for glassy systems are significantly reduced by the presence of the 
nanoparticles, a significant advantage over conventional synthetic schemes to increase free volume 
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using pure polymers. This new construct therefore offers multiple benefits in the context of gas 
separation membranes.13 
2.1 Materials and Methods 
In this section, we briefly describe the synthetic pathway of the grafted nanoparticles and 
the experimental protocols for transport measurements. More detailed synthetic information and 
experimental details for other test methods can be found in Appendix A.  
2.1.1 Material Synthesis and Sample Preparation 
Polymethylacrylate (PMA) and poly(methylmethacrylate) (PMMA) grafted nanoparticles 
were synthesized by surface initiated reversible addition-fragmentation chain transfer 
polymerization (SI-RAFT) technique (see section A.1 for more detailed information on the 
nanoparticle synthesis).69,70 The RAFT agent 2-(dodecylthiocarbonothioylthio)propanoic acid 
(DoPAT) was used for the RAFT polymerization.  All chemicals were obtained from either Fisher 
or Acros and used as received unless otherwise specified. Spherical silica nanoparticles (14±4 nm 
diameter) were obtained from Nissan Chemical. 3-Aminopropyldimethylethoxysilane was 
purchased from Gelest, Inc. DoPAT was purchased from Boron Molecular, Inc. Methyl acrylate 
(MA, 99%, Acros) and methylmethacrylate (MMA, 99%, Acros) were purified by filtration 
through an activated basic alumina column. Azobisisobutyronitrile (AIBN) was twice 
recrystallized from ethanol before use.  
A typical example of the polymerization method is described here:  DoPAT functionalized 
nanoparticles (DoPAT-NP) (0.35g, 0.43 chains/nm2) were dispersed in 14mL DMF and 7.37mL 
methyl acrylate (0.081 mol). AIBN, dissolved in DMF (0.356mL, 0.01M), was added to the 
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solution, and finally the mixture was transferred into a dried Schlenk flask. (The 
methymethacrylate polymerization followed the literature.70)  
The mixture was degassed, backfilled with nitrogen, and then placed in an oil bath at 60 
°C. The polymerization solution was quenched in ice water after 2.25 hours. THF (20mL) was 
added to the flask and the solution was poured into hexanes (120mL) to precipitate PMA-grafted 
nanoparticles. The PMA-grafted silica nanoparticles were recovered by centrifuging at 3000 rpm 
for 10 min. The nanoparticles were subsequently dispersed in 50mL THF and precipitated in 100ml 
methanol.  This dispersion-precipitation process was repeated another five times to collect the 
grafted nanoparticles. Molecular weights and dispersity were determined using gel permeation 
chromatography (GPC) equipped with a Varian 290-LC pump, a Varian 390-LC refractive index 
detector, and three Styragel columns (HR1, HR3 and HR4, molecular weight range of 100-5000, 
500-30000, and 5000-500000, respectively). THF was used as eluent for GPC at 30℃ and a flow 
rate of 1.0 mL/min. The GPC was calibrated with poly (methyl methacrylate) (PMMA) standards 
obtained from Polymer Laboratories. Graft densities were determined using thermogravimetric 
analysis (TGA). 
The antioxidant Irganox 1010 was added at 0.25wt.% relative to the polymer to minimize 
oxidation during any subsequent annealing.   All solid composites were cast from THF and dried 
in a covered PTFE petri dish for 2 days, then annealed under vacuum at room temperature for 8 
hours, and finally under vacuum at either 80oC (PMA materials) or 150°C (PMMA materials) for 
an additional 3 days before any further characterization.  All thin-film composites were spin-cast 
(Laurell Technolgies, North Wales, PA) from 50-80mg/ml THF on to the chosen substrate. Prior 
to spin coating, the substrates were immersed in piranha solution (3:1 mixture of 18M sulfuric acid 
and 30% hydrogen peroxide/water solution (Fischer Scientific, NJ)) for approximately one minute.  
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Substrates were then rinsed with deionized water and methanol three times each and cleaned in a 
UV/O3 chamber for 15 minutes to grow a surface oxide layer of 1.5nm as measured by ellipsometry 
(α-SE spectroscopic ellipsometer, J.A. Wollaam).  The films were then annealed in the same 
manner described above. Details of materials used in this study are found in Table 2.1 and Table 
2.2 for PMA and PMMA-based materials, respectively. However, due to exceptionally limited 
quantities of material, we are unable to report weight fractions of the low graft density 
(𝜎=0.07chains/nm2) PMA grafted particles and some PMMA grafted particles. 
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2.1.2 Steady-State Permeation 
Steady-state permeability of small gases was measured with a closed-volume manometric 
apparatus previously described elsewhere.71 Films were solvent cast from solutions of 35-50 
mg/ml of sample in THF in tall-form Teflon petri dishes, with thicknesses ranging between 35-50 
microns. The films were then exposed to an upstream gas species 𝑖  at ≈1.3bar (gauge), and 
permeability 𝑃𝑖  was calculated from the flux as the gas was allowed to diffuse through the 











 (2.1)     
where 𝛥𝑝  is the pressure difference across the membrane, ℓ is the sample thickness, 𝐴  is the 
sample area, 𝑉 is the volume of the downstream chamber, 𝑅 is the universal gas constant, and 
𝑑𝑝𝑑/𝑑𝑡 is the rate of change of the downstream pressure. Temperature, 𝑇, was held constant at 
35°C. CO2, CH4, and N2 were tested for 𝜎 =0.43 chains/nm2 composites with graft 𝑀𝑛  27kDa 
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38kDa, 62kDa, 92kDa and 132kDa. nC4H10 was tested for PMA composites with  𝑀𝑛 38kDa, 
62kDa, 92kDa and 132kDa. Neat PMA data were taken from Chiou et. al., 198572 for comparison 
purposes, and was independently measured using QCM sorption experiments (see below). Neat 
PMMA data was taken from Robeson, 199173  and also compared with QCM experiments. 
2.1.3 Non-Steady State Diffusion with Quartz Crystal Microbalance 
The quartz crystal microbalance (QCM) technique is used to measure 𝐾𝑖 and 𝐷 𝑖  for both 
light gas and condensable vapors penetrants through monitoring of the mass uptake of a chosen 
penetrant into a polymer film deposited on a quartz crystal. This allows for highly precise 
measurements of solubility and diffusion constants. QCM transducers are driven at the 
fundamental resonant frequency by a feedback control oscillator. For light-gas experiments, we 
use a QCM with dissipation monitoring (QCM-D) (Biolin Scientific) which allows us to measure 
the energy dissipation as well as higher harmonics as a film oscillates. This allows for superior 
noise reduction and measurements of much subtler frequency changes. For organic solvent 
penetrants we use “standard” QCM instrumentation (i.e. no dissipation monitoring), (Inficon Inc.). 
QCM crystals with gold electrodes for light gas experiments (14mm diameter, AT-cut 34°10’, 
nominal bare frequency at 4.95Hz) were purchased from Biolin Scientific. Crystals for vapor 
penetrants experiments (1-inch diameter, AT-cut, 5MHz nominal frequency, 10 Ω nominal 
resistance) were purchased from Inficon Inc. As-received crystals were cleaned according to 
procedures above. Bare crystal resonant frequencies and resistances (𝑓𝑞 and 𝑅𝑞, respectively) were 
recorded using either a Biolin QSesne Explorer QCM-D or a Maxtek RQCM (Inficon Inc.) for 
light gas and vapor sorption experiments, respectively, prior to spin coating polymer films to check 
for crystal integrity and “taring” for use as a microbalance. Multiple data readings in two separate 
holders were taken for each crystal to ensure accuracy, and did not vary by more than ±2Hz, or 
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±0.01Ω. Crystals with initial resistances greater than 10.5Ω indicate damage and were either re-
cleaned as described above or discarded.  
Polymer and polymer nanocomposite films were cast on the cleaned quartz crystals via 
spin coating. Films were spun at speeds ranging from 900-1100rpm for 55-60 seconds. Film 
thicknesses were measured using ellipsometry and confirmed with a Datek contact profilometer 
post-test. Thickness values from these two techniques agreed to within 10nm for both neat and 
composite materials. Both neat PMA and composite films spun under these conditions yielded film 
thicknesses of 550-600nm. Uniform films with thicknesses of 85-2000nm can be easily prepared 
using this technique. The crystals were loaded into the respective QCM instrument and gas or 
vapor penetrants were then flowed over the crystal, while the frequency change of the sensor is 
monitored throughout the experiment.  This provides in situ mass uptake measurements of the 
penetrant in the polymer film.  Penetrant flow rates and compositions are controlled using a custom 
gas handling apparatus equipped with mass flow controllers (Alicat Scientific, Tucson, AZ).  
Extensive information about the gas handling system, as well as QCM experimental procedure, is 
provided in Appendix A.  
2.2 Transport in Matrix-Free Polymer Grafted Nanoparticles 
Here we present transport data for several neat and grafted composite systems for a variety 
of gases as well as solvent vapor. Additional transport data, including experimental controls, can 
be found in Appendix B. We provide materials characterization in order to determine how grafting 




2.2.1 Diffusion of Light Gases 
Figure 2.1A shows the ideal selectivity of CO2 over CH4 as a function of CO2 permeability 
in PMA-grafted nanocomposites compared with that of neat PMA. Pi’s from freestanding 50µm 
thick films of the grafted nanoparticles by steady state permeation are in quantitative agreement 
with data on supported ~0.5-1.5µm thick films by QCM. These data indicate that permeability is 
unaffected by thickness in this range.74,75 Figure 2.1B shows analogous QCM results from ≈1µm 
thick spin-cast films of PMMA grafted nanoparticles. Clearly, the grafted nanocomposites do not 
follow Maxwell’s theory, which would predict decreases in permeability and no changes in 
selectivity, but rather display enhanced permeability relative to the corresponding neat polymers.  
It is important to note that these enhancements occur in both rubbery and glassy materials.  
Figure 2.1: Robeson plots comparing the permeabilities of CO2 and CH4 in (A) PMA- and (B) PMMA-
grafted nanoparticle composites for various brush 𝑀𝑛. 
11 PMA composites with graft lengths of 
(●) 27kDa, (▼)38kDa, (⬟) 52kDa, (■) 62kDa, (★) 92kDa, and (▲) 132kDa compared with (■) 
neat PMA.  PMMA composites with graft lengths of (●) 27kDa, (■) 62kDa, (⬟) 69kDa, () 
78kDa, (★) 90kDa, and (▲) 113kDa, compared with (■) neat PMMA. Σ ≈ 0.4chains/nm2 for 




The observed permeability enhancements can be analyzed from two viewpoints. First, the 
slope of the PMA data on a Robeson plot decreases as the size disparity of the gas pairs becomes 
larger (Figure 2.2A  𝑚𝐶4𝐻10 < 𝑚𝐶𝐻4 < 𝑚𝑁2 ). The slope of CO2/CH4 data (-0.31) is in good 
agreement with literature values of the upper bound slope for this gas pair (-0.30).  It has been 
theorized previously11 that the upper bound slope is related to the relative sizes of the gas molecules 
being considered; this serves as an indication that the grafted nanoparticle membranes are 
separating the gas pairs based on size sieving, and not on solubility differences.   
Furthermore, the enhancements in 𝑃𝑖   can be controlled effectively by variations in chain 
length. Figure 2.2B shows a non-monotonic trend (“volcano plot”) for permeability as a function 
of PMA graft 𝑀𝑛 at a fixed grafting density (𝜎= 0.43 chains/nm
2) for CO2, N2, and CH4. nC4H10 
also shows the same trends, and similar results are found for the PMMA analogs (Appendix B, 
Figure B- 10).  As an illustrative example, we focus on the relative permeability, Pϕ/Pb, of CO2. 
The permeability of grafted nanoparticle composites with short chains (<50kDa) shows a distinct 
increase when compared to the pure polymer and the Maxwell model (which predicts Pϕ/Pb≤1 for 
all 𝑀𝑛), with the degree of enhancement increasing with 𝑀𝑛.  Pϕ/Pb then increases substantially at 
intermediate chain lengths, before decreasing at large chain lengths.  However, these large chain 
length materials still have Pϕ/Pb>1, indicating they are more permeable than pure PMA. The PMA 
composite displaying the maximum permeability in this series (i.e., 𝑀𝑛= 92kDa) is the same for 
all four gases and shows about an order of magnitude increase relative to the pure polymer; for 
example, PCO2= 56.1±0.1 Barrer in the most permeable PMA composite, but it is only 6.7±0.15 
Barrer in the pure PMA (See Figure B- 8). 
Figure 2.1A further shows that there are only minor changes in selectivity of CO2 over CH4 
even when the CO2 permeability increases by nearly an order of magnitude; For example, 
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𝑃𝐶𝑂2/𝑃𝐶𝐻4  of the most permeable composite deceases by ≈ 35% when 𝑃𝐶𝑂2 increases by over 
800%. Similar results are found for the PMMA systems, Figure 2.1B where 𝑃𝐶𝑂2/𝑃𝐶𝐻4 appears to 
be even less affected. The selectivity of CO2 over N2 is also unaffected across the same range in 
CO2 permeability in the PMA composites (Figure 2.2A and Figure B- 9). Evidently, these grafted 
nanoparticle composites exhibit unexpected shifts to the “right” on the Robeson plot when 𝑀𝑛 
changes, towards the upper bound, with the best PMMA system nearly on top of the 1991 upper 
bound.12 
 
Note that these materials are competitive with commercial cellulose acetate membranes 
with respect to CO2 permeance, a measure of permeability that has been normalized to the 
Figure 2.2: Gas permeability properties of PMA-grafted nanoparticles (Σ= 0.43 chains/nm2). (A) 
Comparison of the slopes of the selectivity/permeability line for CO2 and three light gases. The 
slope of the line decreases monotonically as the size disparity between the gas molecules increases; 
the slope of the CO2/CH4 line agrees with literature. (B) Increases in measured gas permeability 
relative to that of neat PMA (i.e., “volcano plot”) for grafted systems. Neat PMA is presented as a 
dashed line at 
𝑃𝜙
𝑃𝑏
⁄ = 1 
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thickness of the material being considered. For example, a 500nm thick PMA composite film with 
𝑀𝑛= 92kDa has a permeance of 115GPU, which is comparable to that of commercial cellulose 
acetate (≈100GPU).76 
2.2.2 Permeability Enhancement Driven by Free Volume 
The “volcano” shape of relative permeability versus PMA graft 𝑀𝑛  at fixed 𝜎 = 0.43 
chains/nm2 (Figure 2.2B) is remarkably similar to trends observed for the free volume element size 
from positron annihilation lifetime spectroscopy (PALS) (Figure 2.3, Figure 2.4A).33,34  
 
 
The lateral size for the PALS-derived free volume “elements” is 4-5Ȧ, comparable to the 
Kuhn length of the polymers, consistent with the local fluctuating nature of this free volume metric.  
The apparent connection between enhanced free volume and “static” excess volume is supported 
Figure 2.3: Single-fit positron (Ps) lifetime in PMA composites 
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by room temperature pycnometry, which is used to compute the excess volume ?̃?  relative to 









, where 𝜔 is the weight fraction, 𝜌 is the density and the 
Figure 2.4: Free volume metrics for PMA-grafted NP Composites (Σ=0.43cchains/nm2). 
(A) Measured free volume element size from PALS experiments as a function of the 
composite brush 𝑀𝑛. The volume size clearly displays a non-monotonic 𝑀𝑛dependence. 
(B) Excess volume ?̃?  computed from pycnometry experiments. ?̃?   can be related to 
Fractional Free Volume, FFV (see supplementary information). (C) Relative apparent pore 
sizes (𝑟𝑖) in composites from N2 isotherms. The pore size increases found from sorption 
and free volume element sizes measured from PALS are strongly correlated (see 
Supplementary information). (D) Correlation between relative gas permeability increases 
and ?̃? for the three light gases examined 
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subscripts 𝑐, 𝑁𝑃 and 𝑝𝑜𝑙𝑦 denote the composite, nanoparticle, and polymer, respectively. Despite 
the large relative error arising from uncertainty in 𝜔𝑁𝑃, it is clear that the intermediate chain length 
systems have the largest excess volume, Figure 2.4B. The silica volume fraction (𝜙) was calculated 
as: 




where 𝜌𝑆𝑖𝑂2  and 𝜌𝑐  are the density of bare silica nanoparticles and the PMA composites, 
respectively. The effective density of the polymer brush in the composite can be estimated based 





A summary of 𝜔, 𝜙, and 𝜌 data are shown in Figure 2.5. The data indicate while the density 
of neat PMA is relatively independent of molecular weight, 𝜌𝑚,𝑒𝑓𝑓 in PMA composites is up to 
1% lower than bulk PMA melts of comparable density, with a local minimum for moderate chain 
length. These slight reductions in polymer phase density can indicate significant enhancements in 
available “free volume”.  This is further reinforced by the good correlation between ?̃? and the 
relative permeability increases for CO2, N2, and CH4 as shown in Figure 2.4D.  It should be noted 
that the relatively large error in ?̃?arises from the error in measurements of 𝜔  and not in the 
measurement of 𝜌𝑐 from pycnometry.  
An additional important metric for gas transport via a free volume mechanism is the fractional 
free volume (FFV), a method of comparing the amount of free volume in polymers.  Merkel et al. 







𝑉𝑠𝑝 is the polymer bulk specific volume; in this case we use the effective matrix specific volume 
of the composites derived from 𝜌𝑚,𝑒𝑓𝑓.  𝑉0 is the volume taken up by the polymer chains and cores, 
and may be estimated using the van der Walls volume (𝑉𝑣𝑑𝑤) and group contribution methods: 
 𝑉0 = 1.3𝑉𝑣𝑑𝑤 (2.5) 
We use the calculation of 𝑉𝑣𝑑𝑤 proposed by Zhao et al. to estimate the polymer chain volume of 
Figure 2.5: PMA Materials Characterization. (A) Thermogravimetric analysis signature for PMA 
composites; (B) Volume fraction of silica nanoparticles of PMA composites of various 𝑀𝑛 (Σ = 
0.43chains/nm2). Error bars within symbol; (C) Raw densities of PMA composites ( Σ  = 
0.43chains/nm2) compared to neat PMA (◆). Error bars within symbol; (D) Effective polymer 




each brush molecular weight.77 A comparison of FFV between the composites is shown in Figure 
2.6A. Neat PMA FFV was estimated by using the average measured specific volume of 23kDa, 
46kDa, 65kDa, 97kDa, and 135kDa samples. The composites at intermediate chain length clearly 
have a substantially increased FFV, with a maximum FFV in 92kDa composites.  Even with the 
Figure 2.6: Excess Volume and Fractional Free Volume Measurements. (A) Calculated 
Fractional Free Volume (FFV) of PMA composites compared to neat PMA; (B) Correlation 
of FFV with free volume element size of PMA composites (●) and neat PMA (◯) as 
measured by PALS; (C) Correlation of FFV and excess volume determined by pycnometry; 




large error bars, it is clear that some composites possess FFVs significantly different than that of 
the neat PMA melt.  Furthermore, the FFV and calculated ?̃? correlate very well (Figure 2.6B).  
This result is unsurprising as both measurements are related to the composite brush density which 
displays similar trends with molecular weight. The correlation between FFV and free volume 
element size measured from PALS is shown in Figure 2.6C. Again, despite the large error in FFV, 
the two measures of free volume correlate reasonably well within the uncertainty of the 
measurements.  The quantity 1/FFV also correlates well with the relative gas permeability 
increases in the composites (Figure 2.6D). Since the excess volume is related to the fractional free 
volume (FFV),33 the data indicate that intermediate 𝑀𝑛  possesses the highest amount of FFV 
(Figure 2.6).  
Finally, this excess volume can also be indirectly probed using N2 adsorption isotherm data 
at 77K, where the material is glassy. With the caveats that this measurement is sensitive to sample 
preparation and to the amount of time the sample is held at 77K during the measurement, this 
provides a measure of the frozen, static pore size in the medium.  Presumably, this is related to the 
pycnometry data in the room-temperature liquid state. The PMA composites clearly exhibit higher 
apparent pore sizes and surface areas from BET model fits (Figure 2.4C and Figure A- 5D), again 
implicating volume increases. Indeed, the excess volume from pycnometry and macroscopic gas 
permeabilities are linearly correlated (Figure 2.6D). Each of these facts support the hypothesis that 
free volume changes result in the permeability enhancements seen in the polymer-grafted 
nanoparticle membranes.19,33 
2.2.3 Condensable Penetrant Experiments 
Linear sorption measurements using the QCM apparatus allows for the independent 
measurement of Ki and Di in supported films in the thickness range 300-1500nm, much closer to 
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thicknesses used in industrial applications than those used in permeation experiments.  
Experiments that directly measure both Ki  and Di  can also provide insight as to how these 
properties are altered in the different nanoparticle composites, and their individual contributions 
to the observed permeability increases. Figure 2.7shows results for a condensable solute, ethyl 
acetate, in PMA composites with 𝜎  = 0.43 chains/nm2 at fixed penetrant partial pressures 
(additional grafting densities and partial pressures are in Appendix B section B.3).  As with the 
light gases, the permeability of ethyl acetate in the grafted system is elevated relative to neat PMA 
(and the Maxwell prediction) for low 𝑀𝑛  (Figure 2.7A). As PMA 𝑀𝑛  increases, a prominent 
maximum in permeability is seen with Pϕ/Pb ≈ 4 at intermediate 𝑀𝑛 (62kDa). For larger 𝑀𝑛, the 
relative permeability decreases, but remains above the neat polymer. We find that Ki is increased 
by only ~30% independent of 𝑀𝑛, indicating somewhat enhanced sorption in these elevated free 
volume structures, but that the chain length does not appear to have any significant effect. By 
contrast, the Di  increases by a factor of ≈3, qualitatively similar to the trends observed for Pi 
(Figure B- 4D and Figure B- 4C, respectively).  This indicates that the permeability enhancements 
Figure 2.7: Transport properties for a condensable solute in PMA composites      (A) “Volcano 
plot” of relative permeability of ethyl acetate as a function of 𝑀𝑛 at two partial pressures. (B) 
Correlation of Pϕ/Pb  (●),  Dϕ/Db  (■), and Kϕ/Kb  (▼), for ethyl acetate versus free volume 
element size as measured by PALS for a single experimental partial pressure; (C) Relative increase 
of 𝑃𝑖 and 𝐷𝑖 at infinite dilution for ethyl acetate as a function of PMA graft 𝑀𝑛. 
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seen here are a direct result of elevated diffusion. Analogous with the  Pi  from the light gas 
permeation, we find excellent correlation between the “free volume element” size, in this case 
derived from PALS, and  Pi and Di (Figure 2.7B). Importantly, the data indicate that the increase 
in relative permeability is primarily due to changes in Di , consistent with permeability 
enhancement via free volume. Extrapolation of  Pi  and Di  to the infinite dilution limit (Figure 
2.7C), show the same trends, and clearly indicate that the changes observed reflect an inherent 
membrane property, and not a solute concentration effect. This implies that the composite 
materials are natively more permeable than the corresponding neat polymer, a fact that is supported 
by the increased free volume as measured by PALS and excess volume measured by pycnometry. 
This is also consistent with the slope of the CO2/CH4 Robeson line in Figure 2.1A, which argues 
against solubility-driven effects. 
2.2.4 Aging Effects 
Importantly, we find no measureable effects on CO2 permeability despite aging for up to 
10 weeks for the PMMA composites (Figure 2.8A). This is in contrast to the permeability of CO2 
in neat PMMA, which decreases by up to 25% over the same 10-week time frame. These data 
show that performance degradation in glassy PMMA can be significantly reduced when the chains 
are grafted to nanoparticles.  This has important practical implications for polymer membrane 
materials that have superior transport properties but undergo severe aging, such as PIMs and TR 
polymers. 
Figure 2.8B illustrates that the PMA grafted nanoparticle systems show no aging effects in 
the presence of the ethyl acetate for up to 1 year. Additional aging experiments (Appendix B, 
Figure B- 5) show that the permeability of similar PMA-grafted nanoparticle composites 
(𝜎 =0.07chains/nm2) remains constant for up to 2 years. This result in rubbery materials is 
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particularly interesting due to the tendency of ethyl acetate and other condensable penetrants to 
cause significant structural rearrangement in physical mixtures of nanoparticle and PMA, which 
may alter transport properties.40 This provides evidence that the nanoparticle composite materials 
are stable, even in the presence of high loadings (~10%wt) of solvent. Chemical stability such as 
this is advantageous in many industrial membrane applications, including methanol/MTBE vapor 
separations and robustness against contaminant poisoning.13 
2.2.5 Computer Simulations 
To further support the proposed free volume picture, we simulated isolated polymer-
grafted nanoparticles using a coarse-grained model. Figure 2.9A-C show a series of ensemble 
averaged conformations of single particles (diameter=7, monomer diameter=1) with 30 chains 
each with chain lengths of (Figure 2.9A) 5, (Figure 2.9B) 10, and Figure 2.9C) 30 monomers. If 
we were to naively scale both the nanoparticle size and the brush size to be commensurate with 
Figure 2.8: Aging of neat and nanoparticle composite polymer films. (A) Effect of aging time on 
CO2 permeability in neat PMMA and in a PMMA-grafted nanoparticle composite with 
𝑀𝑛 =62kDa and Σ= 0.44 chains/nm
2.  (B) Time dependence of ethyl acetate permeability in a 




the experiments then these simulations would correspond to PMA 𝑀𝑛 of 40k, 130k, and 300k at a 
fixed graft density of 𝜎 = 0.7 chains/nm2, which is higher than the experimental graft densities 
discussed in this study.   
Figure 2.9C shows that, for sufficiently long grafted chain lengths, the corona appears 
isotropic, which presumably facilitates crystallization in other matrix-free grafted nanoparticle 
systems.  In contrast, the nanoparticles with shorter chain length grafts have asymmetric corona 
shapes. It is important to note that these single particle simulations are performed in the absence 
of any other particles (i.e., the particles are in dilute solution) and will not necessarily represent 
the conformation of the polymer corona in the presence of other nanoparticles.  
  To investigate the polymer corona structure at higher nanoparticle concentrations, we also 
simulated multi-nanoparticle systems where the nanoparticles are placed on a face centered cubic 
(FCC) lattice. The simulation snapshots shown here are composed of 200 polymer chains, each 
with 10 monomers, grafted onto a nanoparticle with a diameter of 10 monomers.    Figure 2.9D 
highlights the nanoparticle cores. Ongoing studies are relaxing this assumption and are allowing 
the nanoparticles to form the structures that they prefer – the results of this more sophisticated 
analysis is deferred to future work. To accommodate this nanoparticle packing, the grafted coronas 
are forced to assume anisotropic shapes to fill the interstitial spaces and attempt to maintain a 
uniform polymer density, Figure 2.9E. In fact, the corona shape is consistent with the Wigner-
Seitz cell of the FCC lattice, namely a rhombic docadecahedron. Thus, chains located along the 
[011] direction are compressed, while chains along the [001] direction stretch to fill the interstitial 
space between the spherical cores. Figure 2.9F shows monomer density profiles as a function of 
radial distance away from the center of a particle core, expressed in units of monomer size 𝜎.  
Monomers near the surface of the particle (for example, at σ=5) appear to have densities similar 
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Figure 2.9: Computer simulations of polymer-grafted nanoparticles. (A-C) Coarse-grained 
computer simulation results of single-grafted nanoparticles for (A) short (N=5), (B) medium 
(N=10) and (C) long (N=20) chain lengths (30 chains per particle); particle diameter=7, monomer 
size=1; (D,E) Coarse-grained molecular dynamics simulations of polymer grafted nanoparticle 
assemblies highlighting the polymer corona distortion from an isotropic spherical shell to allow 
for filling space. The particle diameter is 10, and the monomer size is 1. 200 chains of 10 
monomers are uniformly grafted to each particle, and the particle initial positions are fixed. (D) 
highlights the nanoparticle core, while (E) highlights the polymer corona. (G) Monomer density 
histogram corresponding to the corona in (D) and (E), showing the chain density dependence in 
the (001) and (011) directions. The x-axis is radial distance away from the particle core (r), 
normalized to the size of the particle (𝜎). (G) “Heatmap” of monomer density in nanoparticles 
(diameter=10) grafted with polymer chains (monomer diameter=1, chain length=10, 200 chains 
per particle, averaged over 500 simulations). The interstitial regions in the structure have 
moderately reduced polymer density relative to the rest of the corona structure. 
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to that of the simulated neat polymer melt.  However, the monomer density is reduced along the 
[001] direction near the lattice interstices (at distances of 10<σ<15).  This is consistent with the 
polymer chains stretching in this direction.  This corona distortion, which results from a 
compromise between nanoparticle ordering and chain packing, increases the free volume, as 
shown in the corresponding “heatmap” of monomer density generated as an average of 500 
independent simulation snapshots, Figure 2.9G.  Since density has been shown to be related to free 
volume33, these regions of decreased density should lead to free volume increases. This is 
corroborated by the experimentally measured densities of the composites, Figure 2.5D. Figure 2.10 
shows the measured unoccupied volume as a function of simulation temperature for a pure polymer 
and a polymer-grafted nanoparticle system.  In both cases, the polymer chains are composed 10 
monomers of size σ; the grafted nanoparticle system is composed of 100 chains grafted onto a 
nanoparticle of diameter 10σ.  The unoccupied volume is calculated by collecting all of the volume 
Figure 2.10: Unoccupied volumes in neat and grafted nanoparticle composite materials 
37 
 
of the simulation box that is not taken up by either the nanoparticle or the polymer chains.  From 
here it is obvious that the grafted nanoparticle arrays indeed possess increased unoccupied volume 
when compared to a pure polymer of identical 𝑀𝑛 . However, we do not make the claim that 
unoccupied volume and free volume are equivalent or related to each other. 
The combination of the PALS free volume experiments, multi-nanoparticle simulations, 
and experimental and computational density calculations argue that the free volume in grafted 
nanoparticles can be suitably controlled to enhance material permeability while also increasing the 
chemical, mechanical and temporal stability of the polymer brush. Based on insights of these 
computer simulations, we explore further the structure of these materials and how structure may 




Chapter 3  
 
Determining the Structure of Polymer-Grafted 
Nanoparticle Membranes 
 
In this chapter, we explore the structure of matrix-free grafted nanoparticles from the 
nanometer to micrometer length scales. In the first part of this study, we probe the particle 
distribution in the dry state. Using a combination of transmission electron microscopy (TEM) and 
small angle X-ray scattering (SAXS), we find that the nanoparticle cores are uniformly well 
dispersed and the distance between nanoparticle cores increases with increasing 𝑀𝑛. While we do 
not observe long range crystalline order directly from microscopy, we cannot rule out any short 
range anisotropy from SAXS looking in Fourier space alone. Instead, we adapt a pair distribution 
function analysis (PDF) commonly used in atomic systems to investigate the structure in real 
space. For these systems, PDF analysis confirms these materials are isotropic for a wide range of 
𝑀𝑛  for two different graft densities. Therefore, the anomalous transport behavior cannot be 
attributed to the dry state structure alone.  
Therefore, using a custom vapor handling system which allows for precise solvent 
environment, in the second part of this chapter we investigate the effect of ethyl acetate (EtAC) 
solvent on the swollen state microstructure of poly(methyl acrylate) grafted silica nanoparticles 
(PMA-g-SiO2) films at equilibrium. We first investigate the effect of solvent concentration on the 
overall nanoparticle organization using in-situ SAXS. However, subtle differences in system 
contrast will significantly affect the overall scattering intensity function, and potentially allow us 
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to identify distinct morphologies of the grafted chains and/or solvent distribution within the film. 
Therefore, we also conduct SANS experiments using a custom sample holder, and systematically 
vary the contrast (via precise mixtures of protonated and deuterated solvent) to evaluate whether 
any heterogeneity in the solvent distribution within a thin film of matrix-free GNPs exists as it 
swells. Through this approach we find that solvent is present uniformly in the polymer layer at all 
concentrations that were experimentally accessible. Thus, we believe the main consequence of 
grafting chains to the nanoparticles is to isotropically increase the molar volume of the polymer 
phase relative to its neat polymer analog, a finding that is consistent with macroscale dilatometry 
measurements that are not sensitive to spatial variations in density. 
 
3.1 Materials and Methods 
We study matrix-free PMA grafted nanoparticles (core diameter 15 ± 4nm) prepared using 
methods detailed in sections 2.1.1 and A.1. The antioxidant Irganox 1010 (BASF, Germany) was 
added to all samples at a concentration of 0.1wt% relative to the polymer mass to prevent 
degradation during annealing and drying between swelling experiments. Protonated ethyl acetate 
(≥99.5% purity) was purchased from Sigma Aldrich (St. Louis, MO, U.S.A.) and used as received. 
Per-deuterated ethyl acetate-d8 (99.5% atom D, 99% CP) was purchased either from Sigma 
Aldrich or Cambridge Isotopes Labs (Tewksbury, MA, U.S.A) and used as received. Silicon 
wafers (1in diameter, CZ grown, (100) orientation) were purchased from Wafer World (West Palm 
Beach, FL, U.S.A.). Muscovite mica sheets were purchased from Electron Microscopy Sciences 
(Hatfield, PA, U.S.A.) Indium wire for sample cell gaskets and leak prevention was purchased 
from Sigma Aldrich. Samples used for bulk SAXS and PDF analysis are detailed in Table 3.1. 
Samples used in TEM and bulk SANS studies are detailed in Table 3.2 . Sample 43-55 was used 
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for all SAXS and SANS swelling experiments. Details on experimental protocols can be found in 
Appendix A, sections A.8-A.9.   
 


















  29,800 1.14 23.8 ± 3x10-3 
47-41   41,100 1.16 19.0 ± 3x10-1 
47-65   65,200 1.20 10.7 ± 8x10-2 
47-79   79,200 1.20 10.5 ± 3x10-2 
47-101 100,900 1.28 7.1 ± 3x10-2 
47-132 132,500 1.29 5.2 ± 3x10-4 
66-31 
0.66 
  31,400 1.13  20.8 ± 1x10-1 
66-41   40,600 1.15 15.0 ± 9x10-2 
66-62   61,700 1.19 11.7 ± 9x10-3 
66-82   82,200 1.18 8.6 ± 5x10-1 
66-106 106,300 1.32 5.0 ± 2x10-2 
























  43-27 
0.43 
  26,900 1.14 30.2 ± 1x10-3 
 43-38   38,100 1.11 23.1 ± 6x10-2 
   *43-55   55,300 1.16  16.8 ± 2x10-3 
     43-62   62,000 1.13 12.9 ± 2x10-1 
 43-92   92,100 1.13 9.8 ± 1x10-3 
   43-132 132,100 1.18 5.9 ± 1x10-2 
*Sample for thin film swelling in SAXS/SANS only 
 
3.1.1 Bulk Sample Preparation 
Bulk samples for dry SAXS measurements were prepared by filtering approximately 10-
15ml of solution (depending on initial solution concentration) through a 2um PTFE syringe filter 
into a 20ml PTFE crucible. The crucibles were covered with a Pyrex dish to slow solvent 
evaporation, which reduces air bubbles in the samples and allows for facilitated molding. The 
samples were first dried in a fume hood for 3-5 days at room temperature, and then transferred to 
a vacuum oven. Samples were annealed for 3 days under vacuum at 80°C followed by 24 hours at 
110°C. Samples were molded into 8mm by approximately 1mm disks by loading approximately 
60-70mg of dry sample to an 8mm vacuum mold. Vacuum was applied inside the mold by 
connecting a hose on the chamber to the inlet of an air compressor.  The mold was heated to 80°C 
for 2-3 hours and then allowed to gradually cool to room temperature, still under vacuum 
conditions. Samples were then removed from the mold and stored in a dry box until measuring to 
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prevent absorption of water vapor from the atmosphere. Table 1 shows information on samples 
studied for bulk material characterization. 
3.1.2 Thin Film Preparation 
SANS samples 
Silicon wafer supports were cleaned immediately prior to use in a basic piranha solution 
followed by UV ozone oven (details of this cleaning procedure are found in section 2.1.1). Stock 
solution of the grafted nanoparticles (8wt% in THF) was filtered with a 2𝜇m PTFE filter and 
approximately 0.7-0.8ml solution was dispensed onto the polished side of a silicon wafer, ensuring 
the entire surface was fully covered. The wafer was then spun at 1000rpm for 60s using a Laurell 
Technologies (North Whales, PA, U.S.A.) spin coater. The wafers were transferred to a vacuum 
oven and annealed for 3 days at 80°C and were stored in a dry box prior to use. Film thicknesses 
were measured on multiple points with an α-SE spectroscopic ellipsometer (J.A. Wollaam, Lincoln 
NE, U.S.A.). 
SAXS samples 
Mica disks (9.5mm diameter, ~0.15mm thick) were used for swelling experiments with 
SAXS. The disks were first cleaned with methanol and then the top layer was carefully peeled off 
with a clean razor blade to expose a fresh surface. The surface was fully covered with the same 
stock solution as above and spun and annealed using identical conditions as the silicon wafers 





3.2 Transmission Electron Microscopy 
In-plane TEM microscopy of the matrix-free grafted nanoparticles of a range of 𝑀𝑛 
(σ=0.43chains/nm2) was performed by drop casting from dilute solution onto lacey carbon grids. 
The micrographs reveal the grafted particles are uniformly well dispersed, and the average inter-
particle spacing increases with 𝑀𝑛 (Figure 3.1). Although the particles do not appear to exhibit 
any long range crystalline order, it is difficult to assess whether any short range order may be 
present in bulk samples, so we turn to transmission small angle scattering in the following sections.  
 
 
Figure 3.1: Transmission electron microscopy of PMA composites of varying 𝑀𝑛 
(Σ=0.43chains/nm2). Scale bars of insets are 100nm 




3.3 Bulk SAXS and PDF Analysis 
We measure the structure of the matrix-free grafted nanoparticles in bulk using 
transmission SAXS. Absolute intensities, 𝐼(𝑞) as a function of scattering vector, 𝑞, are shown in 
Figure 3.2 for a range of 𝑀𝑛  at two grafting densities: σ =0.47chains/nm
2 (“medium”) and 
σ=0.66chains/nm2 (“high”). Refer to Table 3.1 for sample details.  
As 𝑀𝑛 increases, the location of the structure peaks shifts to lower 𝑞, suggesting the inter-
particle distance is increasing monotonically with chain length. The data are reasonably fit in 
Fourier space using a polydisperse spherical form factor and a hard sphere interaction (Percus-
Yevick) structure factor. However, Hansen has suggested that the first peak of the inter-particle 
structure factor exceeds 2.85 in crystalline samples.78 Our fitted values are well below this value, 
so we conclude that these systems do not exhibit long-range, crystalline order.  
Figure 3.2: Transmission SAXS in bulk PMA grafted nanoparticle composites. Absolute scattering 
intensity for (A) 𝜎=0.47chains/nm2 and (B) σ=0.66chains/nm2. Lines are fits using polydisperse 




Therefore, we adapt a pair distribution function analysis (PDF) commonly used in atomic 
systems to investigate the structure in real space to determine whether the grafted particles order 
(in crystalline lattices or otherwise) on the local scale.79–81 Using an experimental structure factor, 
𝑆(𝑞), obtained by diving the scattering intensity, 𝐼(𝑞), by the form factor, 𝑃(𝑞), of bare silica 
nanoparticles suspended in dilute solution, a reduced structure factor, 𝐹(𝑞), is calculated as: 
 𝐹(𝑞) =  𝑞[𝑆(𝑞) − 1] (3.1) 
Taking a sine Fourier transform of 𝐹(𝑞) yields a pair distribution function, 𝐺(𝑟). In this case, 𝐺(𝑟) 
refers to the probability of finding nanoparticle core pairs at distance 𝑟 apart, calculated as: 
 𝐺(𝑟) =  
2
𝜋




By analyzing the 𝐺(𝑟) in real space, we can identify more subtle effects of 𝑀𝑛  on the 
structure of these materials such as the persistence length and directionality of any ordered 
structures that may exist. 
Figure 3.3 shows 𝑆(𝑞) and 𝐹(𝑞) for various 𝑀𝑛 for both medium and high graft density. 
Refer to Table 3.1 for sample details. Figure 3.4 shows 𝐺(𝑟) for medium and high graft density 
for various 𝑀𝑛. The PDF analysis is very sensitive to slight variations and/or kinks in the data, 
therefore we use only data collected from one sample to detector distance (SDD) (“SAXS” 
configuration, see section A.8 for details) due to the error associated with “stitching” data from 
multiple SDDs. Despite collection times >2hrs, the signal to noise ratio limited the 𝑞𝑚𝑎𝑥 between 
0.05-0.075A-1. Note that the first small features at small 𝑟 are not structurally real, but give an 




The 𝐺(𝑟)  show that as chain length increases, the inter-particle spacing increases, as 
evidenced from the position of the first peak. Higher-order features are visible for low 𝑀𝑛 samples, 
but the coherence decays rapidly as 𝑀𝑛  increases. Additionally, as 𝑀𝑛  increases, the peaks 
broaden, signaling the distribution of shell sizes increases as chain length increases.  
The first-nearest neighbor inter-particle spacing is extracted as the first peak position, 
𝐺(𝑅)1
∗
 (Figure 3.5). The brush height on a single particle, ℎ = [𝐺(𝑅)1
∗ − 𝑑]/2, where the bare 
Figure 3.3: Structure factor and reduced structure factor for grafted PMA nanoparticles with graft 
density σ  =0.47chains/nm2 (A and C) and σ  =0.66chains/nm2 (B and D). Curves are shifted 
vertically for visual clarity  
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core particle diameter, 𝑑 , is measured as 14nm from fits of a form factor in dilute solution. 
Regression analysis of log (ℎ) versus log (𝑁) (where 𝑁 is the degree of polymerization defined 
from the weight average molecular weight, 𝑀𝑤) shows the brush is significantly stretched, with a 
scaling exponent of ~0.7. Based on work by Dukes et al., for the graft densities studied here, the 
behavior of these particles appears to be within the regime where the brush conformation 
transitions from that of a concentrated polymer brush regime (CPB) to a semi-dilute polymer brush 
regime (SDPB).82  However, as our systems are solvent and matrix free, we postulate that the brush 
conformation at large 𝑟 is more “Gaussian-like” (θ-solvent conditions) instead of swollen (good 
solvent). But, on average the overall brush height still scales as ~𝑁0.7 due to the highly stretched 
inner core. We detail these scaling arguments later in Chapter 4. 
Additionally, fitting the 𝐺(𝑟) with a single damped sine wave can determine whether these 
systems exhibit any local ordered structures or are isotropic in all directions. Any ordered 
structures, such as crystalline grains, strings, etc. will have a directional anisotropy, and thus 
Figure 3.4: Probability distribution function 𝐺(𝑟) for grafted PMA nanoparticles with graft density 
(A) σ=0.47chains/nm2 and (B) σ=0.66chains/nm2. Curves are shifted vertically for visual clarity. 
Black vertical hash marks indicate lower 𝑟 limit where below this value, data are unphysical yet 




multiple spatial frequencies, therefore 𝐺(𝑟) could not be described by a sine wave with a single 
frequency. The sine wave is described as: 
 𝐺𝑐(𝑟) = 𝐶 sin (2𝜋
𝑟
𝜆





where 𝐶 is the scaling constant, 𝜆 is the wave length, 𝜙 is the phase shift and 𝑞𝑑𝑎𝑚𝑝 is the damping 
factor. Figure 3.6 shows damped sine wave fits to the 𝐺(𝑟) for various 𝑀𝑛for σ=0.47chains/nm
2 
and σ=0.66chains/nm2, respectively. At low 𝑀𝑛, the 𝐺(𝑟) is well described by the damped sine 
wave fitting for both graft densities. However, around 78-80kDa, the damped sine wave begins to 
deviate from the data after the second peak, with the fit underestimating the peak positions of the 















m = 0.65  0.03
m = 0.65  0.03
Figure 3.5: Brush height of grafted nanoparticles versus degree of polymerization 
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higher-order features. This discrepancy increases as 𝑀𝑛 increases further. However, because the 
first peak is still captured for all samples by the damped sine wave fit, we can conclude these 
materials are completely isotropic regardless of graft density or chain length. 
 As a result of densely grafting from a curved surface, the brush conformation contains a 
relatively rigid, stretched inner regime and a more Gaussian-like outer regime. The rigid shell 
results in the core particle distribution remaining more or less fixed. Thus, particles with small 𝑀𝑛 
are uniformly spaced, but their placement is random and the 𝐺(𝑟) is well described by a damped 
sine wave even for the second and third nearest neighbor shells. As 𝑀𝑛  increases beyond the 
critical crossover, the length of the Gaussian ends increases, while at the same time, the overall 
polydispersity of the chains increases. Chain segments in this regime are more flexible, therefore 
while the first nearest neighbor shell has an average distance that is captured by the damped sine 
wave, fluctuations in the higher order shells might arise from this softer interaction parameter, 
Figure 3.6: Damped sine wave fits of 𝐺(𝑟) for grafted PMA nanoparticles with graft density (A) 
σ=0.47chains/nm2 and (B) σ=0.66chains/nm2. Curves are shifted vertically for visual clarity. Note 




which explains why the damped sine wave is less accurate at predicting the second and third 
nearest neighbor shells. This flexibility continues to increase as 𝑀𝑛 increases.  
 PDF analysis shows that for the range of 𝑀𝑛  for the two graft densities studied, these 
systems are uniformly dispersed, yet completely isotropic, even on local length scales. The average 
spacing between particles extracted from a 𝐺(𝑟) matches that of a Percus-Yevick structure factor 
fit, showing that this model is adequate for modeling our system.   
3.4 Structure of Polymer-Grafted Nanoparticle Membranes with 
Imbibed Solvent 
Wafers of PMA-g-SiO2 (sample 43-55) were prepared using the above method. For SANS 
measurements, ten wafers were used in the sample cell. The thickness of each film was measured 
using ellipsometry with an average film thickness of 766 ±40 nm; for SANS absolute intensity 
conversion, the total dry sample thickness used was 7.66 x 10-3 mm. The same sample wafers were 
used for all measurements at both SANS beamlines. For consistency, the dry films were measured 
on both beamlines and swollen states are compared to the dry film data from the respective 
beamlines they were measured on. Additionally, relative differences in the background for each 
respective beamline are responsible for the discrepancies in the high-q intensities.  
Figure 3.7 shows the evolution of the 1D scattering intensity as a function of equilibrium 
solvent concentration in SAXS using purely hydrogenated solvent (“EtAC-h8”). As the 
concentration of solvent absorbed into the film increases, the peaks shift systematically to lower 
q, indicating that the inter-particle distance of the silica cores increases. As a first-pass 
approximation, if the system is incompressible, the pressure exerted on the cores by the addition 
of the solvent is uniform on average in all directions, regardless of where the solvent is located 
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with respect to the polymer chains (for example, homogenously distributed between the entire 
brush or segregated to the outside of the grafted corona). Assuming the structure factor is 
dominated by the silica cores, we fit the peak position using a hard-sphere interaction (Percus-
Yevick) structure factor. The change in inter-particle spacing relative to that of the dry film can 
then be directly calculated from the difference in the hard sphere interaction radius between the 
wet 𝑅𝐻𝑆,𝑤  and dry 𝑅𝐻𝑆,𝑑  states. The concentration of solvent in the film based on a volume 
argument, 𝜙𝑠(𝑉) can then be calculated as:  





  (3.1) 
However, to fully fit the intensity spectra and determine where the solvent molecules are 
Figure 3.7: SAXS intensity upon solvent swelling for various solvent concentrations [𝜙𝑠(𝑉)] 
52 
 
located with respect to the polymer chains, we must first determine the appropriate form factor 
model of the swollen grafted particle systems. In other words, SAXS cannot tell us whether the 
solvent is swelling the grafted brushes or not since there is no specific contrast with the polymer. 
Therefore, we turn to solvent labeling and neutron scattering. Figure 3.8 shows simulations of 
three different possible morphologies with varied neutron solvent SLD values. Case 1 depicts 
spherical particles dispersed in a homogenous fluid of average scattering length density, where the 
solvent fully wets the polymer chains. Case 2 shows spherical particles grafted with Gaussian 
polymer chains where the solvent can penetrate to the core in-between the chains, but is excluded 
from the polymer coil. Finally, Case 3 depicts a spherical core-shell model where the solvent does 
not penetrate the polymer brush. In all cases, a polydispersity of approximately 30% in the silica 
cores is included. Additionally, in order to decouple effects of SLD and changes to inter-particle 
spacing, we fix the structure factor parameters. These simulations show significant differences in 
structure can be readily identified by the effect of the solvent SLD: if the swelling is homogenous, 
the intensity scales linearly with the contrast variation as seen for Case 1. Conversely, if the brush 
contributes to the scattering, the intensity systematically increases, as seen for Case 2 and Case 3. 
To identify the spatial distribution of solvent in the swollen film, we measure various 
solvent concentrations in SANS with EtAC-h8, in addition to purely deuterated solvent (“EtAC-
d8”) and a 46vol% H:54vol% D solvent mixture (“EtAC-mix”). The ratio of the H:D mixture was 
chosen to have the same scattering length density of the cores (based on a silica density of 2.0696 
g/cm3 previously measured using gas pycnometry4) to enhance the grafted chains signal as much 
as possible. However, covalently grafting the polymer chains to the nanoparticles renders this 
system as a pseudo-two-phase system: the grafted particles and solvent. Therefore, the complete 
matching of the silica core cannot be achieved. Some contrast between the silica and the 
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surrounding environment will always exist, no matter the solvent SLD. Figure 3.9 shows the 
evolution of the 1D intensity upon swelling at equilibrium for various solvent concentrations and 
contrasts in SANS. At the lowest concentration of solvent for SANS, there is no obvious change 
to the peak position; this condition appears to be the limit where the film can absorb solvent but 
Figure 3.8: Simulations of various particle morphologies with different solvent SLD. (A) Case 1: 
hard spheres in fluid; (B) Case 2: Hard spheres grafted with Gaussian polymer coils in a solvent; 
(C) Case 3: Spherical core-shell particles in a solvent 
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not swell. As solvent concentration increases, the distance between the silica cores increases, as 
seen by shifting of the peaks to lower q.  For all concentrations in SANS, with purely protonated 
solvent, EtAC-h8, the intensity increases with increasing solvent concentration. On the other hand, 
when protonated solvent is switched for the mix solvent and deuterated EtAC-d8, the intensity 
systematically drops.  
Figure 3.9: SANS intensity upon solvent swelling for various solvent concentrations 𝜙𝑠(𝑉).(A) 
3vol%; (B) 6vol%; (C) 15vol%; (D) 28vol% with EtAC-h8 (red), EtAC-d8, and EtAC-mix (green). 
Black curves correspond to dry films (no solvent). Symbols correspond to data and lines 
correspond to fits. “NIST” indicates data were run on NG-7 beamline at the NCNR and “LLB” 
indicates data were collected on the PA-20 beamline at the LLB.  
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Fitting parameters using the above method can be found in Table 3.3 and Table 3.4 for SAXS 
and SANS experiments, respectively. To confirm films are at equilibrium after 30min, fitting 
parameters as a function of vapor exposure time in SAXS are found in Table A- 1.  
Table 3.3: Fitting parameters of swollen films in SAXS for various solvent concentration conditions. 𝜙𝐻𝑆,𝑤 
refers to the vol. fraction of hard sphere interactions from a Percus-Yevick S(Q). 
𝝓𝒔(𝑽) Solvent 
Type 
𝝓𝒑,𝒘* 𝝈 Core 
Radius 
(nm) 





Dry N/A   0.102* 0.28 7.01 6.641   14.6*   0.41* N/A 
Re-Dry N/A    0.103* 0.28 7.01 6.641   14.6*   0.40* N/A 
6% h8 0.096 0.28 7.01 6.814 14.9 0.33 6.2 
15% h8 0.088 0.28 7.01 7.074 15.4 0.40 15.6 
15% d8 0.089 0.28 7.01 7.103 15.4 0.40 16.3 
20% h8 0.082 0.28 7.01 7.180 15.7 0.41 19.4 
28% h8 0.074 0.28 7.01 7.448 16.3 0.40 29.0 
* refers to dry state (𝜙𝑝,𝑑, 𝑅𝐻𝑆,𝑑, 𝜙𝐻𝑆,𝑑) 
The scattering intensity at all solvent concentrations most closely resembles Case 1 of the 
simulations. Therefore, we first attempt to fit the swelling intensity spectra with a hard-sphere 
model. However, to properly fit the data and account for the contrast between particle, polymer, 
and solvent in the system, it is critical to first convert the data to absolute intensity by accounting 
for differences in film thickness upon swelling. Based on changes in inter-particle spacing obtained 
from hard sphere structure factor fits, the thickness of the swollen film is calculated as: 





  (3.2) 
where the subscripts 𝑑  and 𝑤  refer to the “dry” and “wet” states, respectively. The absolute 
intensity is then calculated by multiplying I(q) by a correction factor of  𝑙𝑤 𝑙𝑑⁄ . Additionally, the 
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new effective volume fraction of particles in the wet state, 𝜙𝑝,𝑤 is therefore calculated as: 






Table 3.4: Fitting parameters of swollen films in SANS for various solvent concentration conditions and 
solvent contrast (“solvent type”). 𝜙𝐻𝑆,𝑤  refers to the volume fraction of hard sphere interactions from a 

















N/A LLB 0.102* 0.28 7.17 1.921 13.80* 0.33* N/A 
N/A NIST 0.102* 0.28 6.99 1.921 13.74* 0.32* N/A 
3% 
h8 LLB 0.102 0.28 7.17 1.955 13.73 0.33 3.8 
d8 LLB 0.102 0.28 7.17 1.775 13.77 0.30 3.5 
mix LLB 0.101 0.28 7.17 1.865 13.75 0.32 3.1 
6% 
h8 NIST 0.095 0.28 6.99 1.987 14.15 0.34 7.5 
d8 LLB 0.094 0.28 7.17 1.628 14.15 0.33 6.9 
mix NIST 0.095 0.28 6.99 1.815 14.07 0.33 5.6 
15% 
h8 LLB 0.086 0.28 7.17 2.063 14.45 0.32 16.6 
d8 LLB 0.086 0.28 7.17 1.220 14.41 0.32 16.4 
mix LLB 0.088 0.28 7.17 1.653 14.40 0.33 14.0 
28% 
h8 NIST 0.079 0.28 6.99 2.154 15.40 0.33 27.0 
d8 NIST 0.078 0.28 6.99 0.870 15.15 0.28 24.5 
* refers to dry state (𝜙𝑝,𝑑, 𝑅𝐻𝑆,𝑑, 𝜙𝐻𝑆,𝑑) 
Combined with the hard sphere Percus-Yevick structure factor model, the 1D intensities, 
𝐼(𝑄), are well fit using a spherical form factor (with a constant background). After accounting for 
minor differences in fitting parameters due to slight variations in resolution of each beamline, the 
absolute value of the difference between the dry and wet inter-particle spacing is the same for a 
given concentration on both beamlines. After adjusting for absolute intensity using the first-pass 
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approximation for 𝑙𝑤 and 𝜙𝑝,𝑤 upon swelling detailed above, the contrast parameter of the form 
factor, 𝜂, is fit to the adjusted intensity with 𝜙𝑝,𝑤 fixed.  
Alternatively, we can also compute the volume fraction of solvent independently from 𝜂: 




where 𝑆  is the scattering length density and the subscripts 𝑝 , 𝑠 , and 𝑝𝑜𝑙𝑦 refers to the silica 
particles, solvent, and polymer brush, respectively. If values of the volume of solvent in the film 
obtained from both equations 1 and 4 are comparable, this method provides a self-consistent check 
on the assumption that the film swells isotropically and the solvent wets the polymer brush 
homogeneously. Moreover, the change in inter-particle spacing is also found to be the same for all 
solvent SLD values at a given concentration, indicating no preference by the film for H or D 
solvent (Figure 3.10).  
Figure 3.10: Solvent concentration correlation as calculated from fit contrast using a hard sphere 
form factor model [𝜙𝑠(𝜂)] versus concentration calculated based on isotropic volumetric changes 
calculated from changes in structure factor interparticle spacing [𝜙𝑠(𝑉)]. Open symbols are for 
the case where solvent concentration was not high enough to disturb core particle spacing, thus 
the concentration from contrast fits are plotted against an average value. 
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Finally, we verify the solvent concentration in the films agree with previous data and that 
the custom flow cell operates as expected. Figure 3.11 compares the solubility of ethyl acetate in 
PMA GNP films as a function of reduced pressure (partial pressure of ethyl acetate normalized to 
the saturated vapor pressure at 20°C). Data are compared to solubility of neat PMA films as 
reported by Fujita et al.83 In order to make a direct comparison to the neat PMA performance, 
grafted film solubility is normalized by a correction factor, 
𝑆𝜙
𝑆𝑏
⁄ , which is the ratio of solubility 
in the polymer phase of the grafted system to that of the pure neat melt as measured by QCM.4 We 
find excellent agreement between the solvent content measured by SANS to other direct 
gravimetric methods, further validating our results. 
Figure 3.11: Solubility of ethyl acetate as measured by SANS as a function of vapor activity. 
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Chapter 4  
Solid to Liquid Transition of Matrix-Free Polymer 
Grafted Nanoparticles 
 
Here we study the effects of brush height and graft density on the rheological response in 
both the linear and nonlinear viscoelastic regime to elucidate how the individual particle structure 
influences the mechanical response of matrix-free polymer grafted nanoparticles (GNPs). In turn, 
we examine how the dynamics may provide deeper insight into the mechanism of diffusion and 
molecular transport in these materials. Using different rheological techniques such as small 
amplitude oscillatory shear (SAOS) over a range of temperatures, in addition to creep tests, we 
obtain master curves covering nearly 16 decades in frequency. A rich and unexpected dynamic 
emerges from the linear response, suggesting these materials exhibit two main relaxation modes: 
polymeric and colloidal. Whereas the former is attributed to the fast dynamics, reminiscent of the 
entangled networks formed by the equivalent neat polymers, the latter is encountered at long 
deformation times, where a colloidal plateau becomes more prominent as chain length decreases 
(chain lengths < 10𝑀𝑒, where 𝑀𝑒 is the entanglement weight of neat PMA (~8800 g/mol
84).  
We propose a hierarchical relaxation mechanism: first the polymeric arm retraction 
dynamic, similar to that found in star polymer melts64, and then (where applicable), the colloidal 
“cage-hopping”, defined as the time needed for a single grafted particle unit to exchange position 
with the next nearest neighbor, analogous to glassy spherical colloids.85 The polymeric response 
can be fit with a Branch-on-Branch (BoB) model developed for stars and, when applicable, this 
can be combined with a mode coupling theory (MCT) to fit the colloidal response. We postulate 
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that the brush conformation imposed by grafting from a highly curved surface renders these 
particles as soft, but relatively incompressible spheres with a strongly stretched, rigid inner brush 
and an outer, Gaussian regime. The radius of the effective rigid sphere is therefore defined as the 
radius of the silica core plus the thickness of the stretched inner brush.  
For samples with low 𝑀𝑛, the total volume fraction of the rigid spheres is high, and the 
system is tightly packed. In this regime, following the arm retraction mechanism, a colloidal 
relaxation process dominates the relaxation mechanism, as evidenced from a low frequency 
plateau which spans several decades. As 𝑀𝑛 increases and the volume fraction of rigid spheres 
decreases to just below that of close-packed spheres, this colloidal process is still present, but the 
modulus and frequency range are significantly reduced. The behavior of intermediate 𝑀𝑛 systems, 
therefore, is in transition from a colloid-dominated to that of a polymer-dominated system. Finally, 
for large 𝑀𝑛, the total volume fraction of the rigid spheres is further reduced, and the Gaussian-
like regime controls the relaxation dynamics. Samples with high 𝑀𝑛, therefore behave similarly to 
star polymer melts, and the colloidal process disappears. Interestingly, this solid-to-liquid 
transition occurs at the chain length where a peak in the permeability occurs, suggesting that the 
complex mechanical response may be linked to the remarkable transport properties of these 
materials. However, why long-time response is related to transport mechanisms which occur on 
the order of ~1s remains unclear. Nevertheless, the significantly longer relaxation times of the 
GNPs compared to the neat polymer analogs may be related the demonstrably better aging 
properties of these systems.  
Finally, we also study the nonlinear start-up shear response of these materials, which show 
that for systems with weak to no colloidal behavior, the modulus is significantly increased 
compared to the corresponding neat melts. On the other hand, where the colloidal mode dominates 
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the relaxation mechanism (small 𝑀𝑛 ) experience brittle fracture at strain rates smaller than 
experimentally accessible. These results indicate in addition to their enhanced transport properties, 
GNPs with specific brush dimensions may provide mechanical reinforcement, which could prove 
potentially beneficial to a multitude of applications, including gas separation membranes.  
 
4.1 Materials and Methods 
We used 14nm diameter spherical silica nanoparticles from Nissan Chemical (MEK-ST). 
Polymethylacrylate (PMA) grafted nanoparticles (PMA-g-SiO2) of two grafting densities, 𝜎, and 
various  𝑀𝑛  (Table 4.1) suspended in THF were synthesized using previously documented 
methods4. The antioxidant Irganox 1010 (BASF, Germany) was added to all samples at a 
concentration of 0.1wt% relative to the polymer mass to prevent degradation during annealing. 
Samples were prepared by solvent casting in PTFE dishes and allowed to dry at ambient conditions 
for 2 days, followed by annealing in a vacuum oven at 80C for three days. Afterwards, all samples 
were stored in a dry box. Silica concentration was determined using thermal gravimetric analysis 
(TGA) (Discovery TGA, TA Instruments, New Castle DE, USA) by ramping the temperature to 
700°C at 10°/min in oxygen.  
To mold the samples for SAOS and creep testing, approximately ~65-75mg of material 
was loaded into an 8mm diameter stainless steel vacuum mold to yield disks of approximately 
800-1000µm in thickness. Vacuum was applied inside the mold by connecting a hose on the 
chamber to the inlet of an air compressor. The mold was heated to 80°C for 2-3 hours and then 
allowed to gradually cool to room temperature, still under vacuum conditions. For creep 
measurements, the 8mm disks were trimmed of excess material and used as-is. For SAOS 
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experiments well above 𝑇𝑔 , the 8mm geometry was used. Near 𝑇𝑔  (~35-20°C), samples were 
punched into 4mm disks and a 4mm parallel plate geometry was used to minimize instrument 
compliance. Samples for non-linear viscoelastic (NLVE) experiments were also molded using the 
8mm vacuum mold, however only 20-30mg of material was used, resulting in disks of 
approximately 400μm in thickness. Between SAOS and creep testing, or creep tests at different 
stresses, or repeated NLVE testing after sample failure/fracture, disks were remolded to 
“rejuvenate” the sample. We verify subsequent remolding does not damage samples by obtaining 
identical responses in SAOS and/or creep compared to fresh material.  
 


















  29,800 1.14 23.8 ± 3x10-3 
47-41   41,100 1.16 19.0 ± 3x10-1 
47-65   65,200 1.20 10.7 ± 8x10-2 
47-79   79,200 1.20 10.5 ± 3x10-2 
47-101 100,900 1.28 7.1 ± 3x10-2 
47-132 132,500 1.29 5.2 ± 3x10-4 
66-31 
0.66 
  31,400 1.13  20.8 ± 1x10-1 
66-41   40,600 1.15 15.0 ± 9x10-2 
66-62   61,700 1.19 11.7 ± 9x10-3 
66-82   82,200 1.18 8.6 ± 5x10-1 
66-106 106,300 1.32 5.0 ± 2x10-2 
66-129 128,900 1.35 4.1 ± 1x10-1 
N-23 
Neat 
  23,100 1.09 
N/A 
N-44   43,800 1.13 
N-63   62,800 1.17 
N-95   95,700 1.19 




4.1.1 Small-Amplitude Oscillatory Shear  
 
SAOS experiments were conducted on a DHR-3 stress-controlled rheometer (TA 
Instruments, USA) using either 8 or 4mm parallel plate geometry. Frequency sweeps were 
conducted from 100 – 0.1 rad/s at 5°C intervals from 80°C to 30°C and at 2-3°C intervals between 
27°C to 20°C. Samples were allowed to equilibrate for at least 10-15 minutes at each temperature 
before measuring. Although samples contain an antioxidant and are always far below the measured 
degradation temperature of approximately 350°C as obtained from TGA analysis (Figure 2.5A), 
temperature control in the DHR-3 is maintained using air in a convection oven. Therefore, we limit 
exposure times above 60°C to less than 3 hours total to prevent thermal oxidation. Strain amplitude 
sweeps were conducted at 100rad/s at each temperature, and a strain amplitude was chosen to be 
within the linear response regime for each frequency sweep. Time-temperature superposition 
(TTS) with a reference temperature of 60°C was used by shifting data horizontally to generate 
master curves over a large frequency range. It is not obvious that TTS will be applicable to the 
grafted particle systems a priori, so we verify in Figure 4.1 that the phase shift, 𝛿, as a function of 
complex modulus, 𝐺∗ (also known as a van Gurp-Palmen86 plot) is a continuous spectrum, even 
for the case of low 𝑀𝑛/high particle loading (sample 47-29). In principle, we can also shift the data 
vertically, but we find that horizontal shifts are sufficient and reduce uncertainty imposed by the 





Creep experiments were conducted on an MCR-702 stress-controlled rheometer (Anton 
Paar, Austria). Samples were equilibrated for 20min at 80°C and temperature control was ensured 
by a control system which has intermediate characteristics between a Peltier cell and a convection 
oven with nitrogen gas continuously fluxing inside the chamber. Prior to creep testing, a frequency 
sweep was conducted to ensure the response was the same on different instruments and geometries. 
Creep experiments were conducted at constant stress for at least 105s and up to 106s. Measurements 
were conducted at three different stresses between 50Pa and 100Pa to ensure a linear viscoelastic 
Figure 4.1: van Gurp-Palmen plot for GNP sample with 𝑀𝑛=29kg/mol and 𝜎=0.47chains/nm
2. 
Phase angle, 𝛿 as a function of complex modulus, 𝐺∗ at various temperatures (different colors). 
Measured frequency range for each temperature measurement 100-0.1 rad/s. 
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response. Creep compliance was converted to dynamic moduli using a nonlinear regularization 
method.88 Data were then shifted to a reference temperature of 60°C using shift factors from the 
SAOS experiments. After the creep experiment, a dynamic frequency sweep test was performed 
to check the health of the sample due to potential degradation issues after a prolonged exposure to 
elevated temperature.  
4.1.3 Non-Linear Start-Up Shear 
NLVE experiments were conducted on an Ares strain-controlled rheometer (TA 
Instruments) using a cone partition plate89–93 (CPP) geometry with a 6mm inner plate and an 8mm 
outer stationary plate to delay complications of edge fracture. Temperature control was achieved 
using a convection oven with nitrogen gas continuously fluxing inside the chamber. The gap was 
zeroed after thermal equilibration at 80°C. The samples were loaded with a final measuring gap of 
50μm and the normal stress was allowed to fully relax before measuring. A frequency sweep was 
conducted before start-up of steady shear to ensure identical sample response on the different 
geometry. Start-up of steady shear measurements were conducted at various shear rates, ?̇? , 
beginning at 0.01s-1 and increasing at even intervals (3 steps per decade) until sample 
fracture/failure. Shear times were adjusted to ensure steady state was achieved. Stress relaxation 
upon cessation of shear was monitored, and the sample was allowed to fully relax before beginning 
a new measurement. 
 
4.2 Linear Dynamic Mechanical Response 
Linear viscoelastic (LVE) master curves constructed using time-temperature superposition 




and 0.66chains/nm2 are found in Figure 4.2A and Figure 4.2B, respectively. Neat PMA response 
is shown in Figure 4.2C, and horizontal shift factors as a function of temperature are plotted in 
Figure 4.3A along with WLF fits. Neat PMA follows expected behavioral trends as a function of 
𝑀𝑛. First, the onset of the glassy regime shifts to lower 𝜔 as 𝑀𝑛 increases, due to differences in 
𝑇𝑔. Additionally, for the 23kDa sample, we do not observe an entanglement plateau, but instead 
the sample exhibits terminal flow following the Rouse regime. This behavior is expected for 𝑀𝑛 <
3𝑀𝑒 , where the chains are not sufficiently long enough to entangle.
47,51 For larger 𝑀𝑛 , the 
entanglement plateau extends over systematically larger frequency windows for increasing 𝑀𝑛 
before finally reaching the terminal flow regime. Additionally, the plateau modulus, 𝐺0, is constant 
with 𝑀𝑛 for neat PMA. We confirm for the linear system the zero-shear viscosity obtained from 
the loss modulus in the terminal regime scales as 𝜂~𝑀𝑤
3.4.94,95  
For the grafted particle systems of both moderate and high σ, the LVE behavior shows 
three striking differences compared to the corresponding neat systems. First, the glassy and rouse 
regimes more or less superimpose, regardless of 𝑀𝑛 . This appears consistent with prior work 
which found that 𝑇𝑔 of the GNP systems is constant over the range of 𝑀𝑛 studied
4. Second, for all 
GNP samples, the entanglement plateau is elongated relative to that of neat PMA for comparable 
𝑀𝑛by decades of 𝜔. We remark here on the prominent entanglement plateau for the sample with 
the shortest chains, 𝑀𝑛=29kg/mol. Because 𝑀𝑛 < 3𝑀𝑒, we do not expect to see an entanglement 
regime a priori. However, simulations by Zhou and Larson show that star polymers with short, 
weakly entangling arms, the effective friction imparted on these arms is significantly higher.96 
Thus, the effective entanglement molecular weight is lower for short arms. This has also been 
observed in comb polymers experimentally.97 Additionally, 𝐺0 increases slightly with decreasing 
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𝑀𝑛  (increasing core weight fraction, 
𝜙 ) although this effect is less than 
predicted by the Guth-Gold 
relationship (Figure 4.3B).98 We note 
the terminal regime does not appear 
within the frequency window 
accessible below 80°C (set as the 
upper temperature limit to protect the 
samples from thermal degradation) 
using SAOS, so here we turn to creep 
measurements to extend the accessible 
frequency range and investigate the 
long-time behavior of these systems. 
Using this technique, we observe the 
third significant difference between 
the GNP and linear systems. For 
𝑀𝑛  >  100kDa, following the 
entanglement plateau, a slight shoulder 
appears before terminal flow is finally 
achieved. Qualitatively, this system 
appears somewhat similar to a linear 
PMA system, albeit with larger 𝑀𝑛 . 
For intermediate 𝑀𝑛  below the 
Figure 4.2: Master curves of PMA-g-SiO2 composites for 
(A) 𝜎 =0.47ch/nm2; (B) 𝜎 =0.66ch/nm2 and neat PMA 
melts for various 𝑀𝑛. Curves are shifted with Tref = 60°C 
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100kDa threshold, a small crossover regime appears followed by an entirely separate low-𝜔 
plateau with very low modulus at low frequency. As 𝑀𝑛 decreases further, this crossover regime 
disappears and the low-𝜔  plateau extends in frequency range with increased modulus. In the 
lowest 𝑀𝑛, this low-𝜔 plateau dominates the spectra and extends for approximately 6 decades in 
Figure 4.3: Shift factors and plateau modulus enhancement of LVE spectrum in GNP systems. (A) 
TTS horizontal shift factors of SAOS frequency sweeps as a function of temperature (reference 
temperature is 60°C) for neat PMA (◇), 𝜎=0.47chains/nm2 (□), and 𝜎=0.66chains/nm2 (○). Lines 
represent William-Landell-Ferry (WLF) fits, parameters in table; (B) Normalized plateau modulus 
against silica fraction. Red line representing the Guth-Gold equation, 
𝐺𝜙
𝐺𝑛𝑒𝑎𝑡
⁄ = 1 + 2.5𝜙 +




𝜔, showing that these materials exhibit much slower dynamics than the linear melts. However, 
despite the large range of 𝑀𝑛 and therefore 𝜙, the polymeric response is identical in these systems 
for fixed σ.  
We postulate that the complex dynamics of these matrix-free GNP systems can be broken 
down into two main categories: that of the polymer chain response and the colloidal, “cage-escape” 
response of the entire grafted particle which manifests as the low-𝜔 plateau. A rational analog of 
these GNP systems is that of star polymers, which can be considered grafted particles with a point-
size core. In a manner equivalent to the case of “multi-arm” stars62–64, the grafted chains must first 
disengage with entanglements between neighboring particles/stars and retract back towards their 
own core. Next, because the chains are tethered at one end, the entire grafted particle/star must 
exchange position with the nearest neighbor in order for the system to flow. This activated process 
is controlled by friction imposed by neighboring particles, the magnitude of which is influenced 
by not only the volume fraction of cores but also the flexibility of the chains at the edge of the 
corona. We postulate that depending on 𝑀𝑛, the volume fraction of the rigid inner regimes may or 
may not be sufficiently large that the rigid spheres contact one another. Said another way, if the 
Gaussian regime is sufficiently large, the cores do not feel their nearest neighbors, and only the 
outer Gaussian regime dictates the relaxation via the arm retraction mechanism. However, when 
the volume fraction of the rigid regime increases, the system approaches the limit of packed 
spheres. At this point the friction in the system depends not only on the outer polymer brush, but 
the friction imposed by the influence of neighboring cores, which manifests as the low-𝜔 colloidal 
process. We detail the brush conformation as a function of molecular weights using scaling 




4.2.1 Scaling of Brush Conformation in Matrix-Free Grafted Nanoparticles 
 
Although several other researchers have developed theories to describe the brush 
conformation of densely grafted spherical particles in solvent or in the presence of matrix 
chains,82,99,100 we are constrained by the incompressibility condition in a solvent-free state and so 
we therefore assume the ends of the brushes must be space filling. Thus, we assume the 
conformation far from the particle surface is Gaussian-like, although we acknowledge this is a 
rough, first-pass approximation. In order to calculate the sizes of the stretched, rigid and Gaussian 
regimes, we use the following expressions: 








𝑏2(𝑁 − 𝑔) ~ √(𝑁 − 𝑔) (4.2) 
where 𝑁 is the total number of monomers in a single chain, 𝑅𝑐𝑜𝑟𝑒 is the radius of the silica core, 
𝑅  is the radius of the concentrated brush regime plus 𝑅𝑐𝑜𝑟𝑒 , 𝑏  is the Kuhn length, 𝑣0  is the 
monomer volume, (calculated via the atomic and bond contribution method77), σ is the grafting 
density and 𝑔 is number of monomers in the rigid, concentrated brush regime (CBR) of a single 
chain. Equation 4.2 is based upon the assumption that outside the CBR, the chains are space filling 
and the total monomer fraction from all chains approaches 1. The term √(𝑁 − 𝑔) from equation 
4.2 defines the size of the Gaussian regime. Rearranging equation 4.2 to solve for 𝑔 yields: 



























− 𝑁 ~ 0 (4.4) 
where 𝑓 is the total number of chains per particle. We calculate the dimensions for various 𝑀𝑛 for 
both σ=0.47chains/nm2 0.66chains/nm2 assuming a core radius of 8nm in Table 4.2. The height of 
the CPB region, ℎ𝐶𝑃𝐵 is calculated as 𝑅 − 𝑅𝑐𝑜𝑟𝑒 and compared to measured brush height from 
SAXS (see section 3.3). The molecular weight of the Gaussian regime, 𝑀𝑛,𝐺  is calculated as 
(𝑁 − 𝑔) ∗ 𝑀𝑚𝑜𝑛𝑜𝑚𝑒𝑟 where the mass of the PMA monomer, 𝑀𝑚𝑜𝑛𝑜𝑚𝑒𝑟, is taken as 86g/mol. We 
use these values as an estimate to the transition between the rigid CPB and Gaussian regimes, 
although we acknowledge there is likely not a sharp cutoff at a fixed critical radius, and rather that 
the polymer brush confirmation changes gradually as a function of distance from the surface of 
the nanoparticle.  
 







R      𝒉𝑪𝑷𝑩 
      nm 
    𝒉𝒕𝒐𝒕 
    nm 
    𝒉𝒕𝒐𝒕,𝑺𝑨𝑿𝑺 
    nm 
𝑴𝒏,𝑮 
kg/mol 
47-132     1534 897 19.3 11.3 18.5 17.5 54.8 
47-101     1174 701 17.9 9.9 16.1 14.0 40.6 
47-78       907 552 16.7 8.7 14.0 11.8 30.5 
47-65       721 446 15.6 7.6 12.4 11.3 23.7 
47-41       477 300 14.0 6.0 9.8 7.4 15.2 
47-29       337  213 12.8 4.8 8.0 6.0 10.6 
66-129 1500 960 21.9 13.9 20.6 19.4 46.4 
66-106 1233 803 20.7 12.7 18.7 17.0 37.0 
66-80   930 619 19.1 11.1 16.1 15.5 26.7 
66-62   721 488 17.8 9.8 14.1 11.7 20.0 
66-41   477 330 15.8 7.8 11.3 8.5 12.6 
66-31   360 252 14.7 6.7 9.6 6.7 9.3 
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𝜌𝑅3, where 𝜌 is the number density of silica cores and 𝐶 is a dimensionless scaling constant 
(Figure 4.4). As a function of 𝑀𝑛, a plateau emerges where the packing fraction approaches some 
asymptotic limit at high 𝜙𝑆𝑖𝑂2/low 𝑀𝑛. When 𝐶=1, the packing density approaches 0.74, or the 
packing density of close packed spheres with crystalline order; however, we show in Chapter 3 
that these systems are isotropic and non-crystalline. Therefore, we select 𝐶  such that 𝜂𝑟𝑖𝑔𝑖𝑑 
approaches 0.58, or packing fraction of hard spheres at the glass transition.101 This validates the 
idea that in samples which exhibit the low-𝜔 colloidal plateau, the system resembles that of a true 
colloid system, based on the conformation of the brush. The transition from colloid-dominated to 
polymer-dominated appears where the volume fraction of the rigid cores falls just below that of a 
colloidal glass. 
Figure 4.4: Packing fraction of rigid spheres from scaling theory as a function of 𝑀𝑛. Dashed line 
represent packing fraction at the glass transition of hard spheres, 0.58. Error analysis from 
polydispersity of core size and number density of silica cores. 
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Based on the above calculations, the polymeric, or arm retraction mode, is modeled using 
the Branch-on-Branch (BoB) model.102 However, the question remains: what fraction of the 
grafted chain actively participates in the arm retraction mechanism? We therefore fit the data 
assuming either i) the full chain participates in arm retraction or ii) only the Gaussian regime 
retracts, thus the effective molecular weight used as a model parameter is 𝑀𝑛,𝐺. For samples which 
exhibit a low-𝜔 plateau, we combine the BoB model with the linear viscoelasticity model for 
colloidal hard sphere suspensions based on mode coupling theory (MCT)65,103,104:  









−𝑏′] + 𝐺′𝐷(𝜔) (4.5) 









−𝑏′] + 𝐺′′𝐷(𝜔) + 𝜂∞𝜔 (4.6) 
 𝐺′𝐷(𝜔) =  𝐺
′′







2⁄  (4.7)  
Figure 4.5 shows fits for various samples for 𝜎 =0.47chains/nm2. We find that the 
entanglement plateau is well fit using the BoB model. For large 𝑀𝑛, it appears that only the outer 
Gaussian portion of the chain participates in arm retraction. As 𝑀𝑛 decreases, apparently the full 
chain participates in the arm retraction mechanism. This transition occurs where the packing 
fraction shows these sample transitions to a colloidal system. This perhaps indicates that 
confinement effects result in overlap of neighboring brushes; thus the chains must retract further 
to disengage from neighboring particles to increase in the more tightly packed systems. 
Additionally, although the MCT model was developed for hard spheres up to the glass transition, 
it has been shown that it can be nicely extended to highly concentrated suspensions of latex 
particles,105 PNIPAM microgels,106,107 and star polymers.65 In our case, we demonstrate the MCT 
model can effectively capture the colloidal plateau by simply using hard-spheres parameters. 
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Figure 4.5: Fits of LVE spectra for 𝜎=0.47chains/nm2 grafted particles. Data are represented by 
symbols, G’ (𿘱) and G’’(○); black lines represent high-𝜔 Maxwell model fits; BoB model fits 
assuming both full and partial arm retraction are shown by red and blue lines, respectively. If a 
secondary plateau is present, MCT fits are shown by orange lines. Fits are shown for i) 29kDa; ii) 
41kDa; iii) iii) 78kDa; iv) 101kDa; v) 132kDa. 
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The divergence of the loss modulus at low frequencies occurs because the model does not include 
a dissipative term which describes the hopping dynamics as discussed by Crassous et al.106 
Additionally, the small crossover found for moderate 𝑀𝑛 systems may be as a result of convolution 
between the arm retraction and colloidal modes, although this is not yet well understood 
A plot of the terminal relaxation time, 𝜏𝑡𝑒𝑟𝑚 as well as the relaxation time for arm retraction 
  𝜏𝑎𝑟𝑚 as a function of reduced molecular weight (Figure 4.6) shows more clearly the two distinct 
processes in the GNPs. A deviation in behavior as a function of 𝑀𝑛 is found between 80kDa-
100kDa. The terminal relaxation characteristic time, is taken directly from the lowest G’/G’’ 
crossover, but the arm retraction time is taken from the BoB model fits. Note further that one could 
estimate the characteristic times from tan 𝛿 in reasonable agreement (and with an identical trend) 
with those reported in Figure 4.6A. However, due to the convolution of the two processes, it is 
difficult to assess unambiguously (Figure 4.6B) where the arm retraction process relaxation occurs 
for high 𝑀𝑛, so we stick to those based on the model.  
Figure 4.6: Relaxation times in matrix-free polymer grafted nanoparticles. (A) Arm relaxation 
times from BoB model as a function of reduced molecular weight for PMA grafted composites 
with 𝜎=0.47chains/nm2. (B) tan 𝛿 as a function of frequency for PMA grafted composites with 
𝜎=0.47chains/nm2. For higher molecular weights where the arm and colloidal relaxations are not 
well separated, estimating the characteristic times of the arm retraction is inexact, thus we stick to 
values from model fits as described above. 
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 Furthermore, from rubber elasticity theory, the characteristic length,  𝜉, can be defined as 
the length scale through which stresses are translated throughout the network.84 We can adapt this 




 where 𝐺′0,𝑐𝑜𝑙𝑙𝑜𝑖𝑑𝑎𝑙 
is the plateau modulus of the low frequency, or colloidal, plateau. Indeed, when plotted against 
brush height as measured by SAXS, 𝜉 agrees exceptionally well with ℎ (Figure 4.7), confirming 
the low-𝜔  plateau pertains to the “cage-hopping” mechanism of individual grafted particles. 
Finally, in Figure 4.8 we compare the normalized viscosity as a function of reduced molecular 
weight (𝑀𝑛 𝑀𝑒)⁄  of the grafted silica particles to that of conventional star polymer melts.
62,108 It is 
clear that for the high molecular weight systems, the dynamics are dominated by the polymeric 
behavior, and these systems approach that of star polymers. Interestingly, this structural and 
mechanical transition also appears in the 𝑀𝑛 range where the relative permeability enhancement 
of small gases is maximized. Although the diffusion of small gases occurs on much shorter time 
scales than the colloidal relaxation process, the linear mechanical properties allude to 
Figure 4.7: Colloidal cage size versus brush height, ℎ and center-to-center inter-particle spacing 
(IPS) from SAXS as a function of degree of polymerization 
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heterogeneous structural signatures not previously detected in morphological characterization of 
the bulk. It is feasible that this structural transition would also affect faster dynamics properties 
which may be more relevant to the diffusion time scales, which we probe further in Chapter 5. 
Finally, in Chapter 2, we showed that membranes of matrix-free GNPs suffered 
significantly less from aging problems relative to neat linear melts. We postulate that the 
retardation of the terminal flow regime by several decades even at temperatures well above 𝑇𝑔, in 
addition to the permanently frustrated packing caused by grafting, leads to no change in 
permeability after aggressive thermal annealing (Bilchak, Buenning, & al., 2017). Therefore, LVE 
measurements suggest that in addition to faster diffusion, grafted nanoparticle constructs may be 
useful to extend the lifetime of highly permeable polymers which are as of yet unsuitable for 
membrane separation applications as a result of aging issues. 
Figure 4.8: Comparison of viscosity of matrix-free GNPs to star polymer melts. 62,108 
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4.3 Non-linear Response 
The viability of matrix-free GNP membranes in commercial settings depends not only on 
their transport properties but also whether these materials are mechanically robust enough to 
withstand harsh operating environments. To that end, we study the mechanical properties of these 
GNP systems using non-linear start up shear and compare their performance to that of linear melts 
of comparable 𝑀𝑛. We test matrix free GNP samples at three 𝑀𝑛 (~41kDa, 80kDa, and 130kDa) 
and two 𝜎 values (0.47 and 0.66 chains/nm2) as well as the neat analogs for each 𝑀𝑛. However, 
we determined that the GNP samples with 𝑀𝑛~41kDa fractured during the first strain rate test, at 
the lowest achievable rate on the instrument . These samples then, were too brittle to measure start-
up steady shear even at very small strain rates, and thus our analysis is limited to the 𝑀𝑛~ 80 and 
130kDa materials.  
We show in Figure 4.9 the steady-state viscosity (normalized to the zero shear viscosity 
from SAOS/creep measurements) as a function of Weissenberg number, 𝑊𝑖,𝑒 , where 𝑊𝑖,𝑒  is 
Figure 4.9: Normalized steady-state viscosity as a function of Weissenberg number 
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defined as ?̇?𝜏𝑒 where 𝜏𝑒 is the entanglement relaxation time as found in section 4.2. The steady-
state viscosity from start-up shear measurements superimposes well with the linear viscoelastic 
envelope from SAOS/creep measurements, which show that the matrix-free grafted nanoparticles 
follow the Cox-Merz rule.109  
 On average, the GNP systems are more brittle than their neat counterparts (Figure 4.10), 
though the difference in failure strain rate decreases with increasing 𝑀𝑛. The effect of 𝜎 on failure 
strain rate is less obvious. Figure 4.11 compares stress versus strain at various strain amplitude, 
𝛾0 , as a function of both 𝑀𝑛  and graft density (raw stress vs. strain, viscosity vs. time, and 
relaxation stress vs. time at cessation of flow data can be found in Appendix A.10). The stress is 
Figure 4.10: Failure strain rate of various GNP and neat PMA samples. Failure strain rate is defined 
as the experimentally tested strain rate where sample fractured and did not reach steady state. For 




normalized by the stress measured in the linear viscoelastic regime as a product of the 
entanglement plateau modulus, 𝐺𝑁0, and the strain amplitude, 𝛾0. Figure 4.11A and B compare 
neat and GNP samples at fixed 𝑀𝑛 for ~80kDa and 130kDa, respectively. For the ~80kDa system, 
both GNP samples show significant increases in yield stress with the appearance of a stronger 
stress overshoot at higher strain rates compared to neat PMA. There is little effect of graft density 
for 𝑀𝑛 ~80kDa but there is a slight enhancement in the stress overshoot for 𝜎=0.66chains/nm
2 for 
Figure 4.11: Non-linear start up shear of PMA-g-SiO2 composites at various strain rates. 
Normalized stress versus strain curves comparing effects of graft density (including neat linear 
melts) at fixed 𝑀𝑛 for (A) ~80kDa, and (B) 130kDa and comparing the effects of 𝑀𝑛 at fixed 𝜎 
for (C) 0.47chains/nm2 and (D) 0.66chains/nm2. Representative strain rates are chosen to be 




the case of long chains (𝑀𝑛 ≅130kDa). For fixed graft density (Figure 4.11C and D), the strain-
hardening effect increases as 𝑀𝑛  increases, however this effect is diminished as strain rate 
increases. 
 Previous studies have shown that mechanical reinforcement of grafted nanoparticles 
dispersed in linear polymer chains (i.e. not matrix-free) is strongest when grafted particles form 
networks and there is significant interaction between the grafted brushes of adjacent particles.110 
In our case, due to the materials being matrix-free, the samples can all be considered as a 
“percolated network”, so here we focus on the contribution from the polymer chains. Figure 4.12A 
shows the yield stress, Σ𝑦 (defined as the maximum of the stress overshoot peak) normalized by 
the steady-state plateau stress, Σ𝑦 as a function of strain rate, ?̇? (note, while stress is generally 
represented by a lower-case sigma, σ, we use the upper-case to distinguish from graft density). For 
𝑀𝑛~ 130kg/mol, the GNP samples show a stress overshoot at very low strain rates compared to 
the neat polymer. On the other hand, the intermediate chain lengths of 𝑀𝑛 ~ 80kg/mol do not show 
this solid-like overshoot until higher strains, but the degree of reinforcement increases with 
Figure 4.12: Mechanical reinforcement of matrix-free grafted nanoparticles. (A) Yield stress 
normalized by plateau steady-state stress vs. strain rate; (B) Yield stress vs. Weissenberg number. 
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increases strain rate. Figure 4.12B plots the yield stress as a function of 𝑊𝑖,𝑒. For low strain rates, 
the yield stress in the GNPs with large 𝑀𝑛 is significantly higher than the neat polymer and also 
the GNPs with intermediate 𝑀𝑛. However, at high strains, the yield stress is similar for all GNP 
samples, although the composites are still reinforced compared to the neat polymer.  
We recall that for small 𝑀𝑛 , the brush conformation results in these samples behaving 
effectively as rigid spheres. In these cases, the Gaussian portion of the chain which can interact 
with neighboring grafted particles is very small, and thus cannot transfer stress efficiently. Indeed, 
the non-linear start-up shear shows for GNP systems with 𝑀𝑛 < 40kDa showed brittle fracture 
even at the smallest experimentally accessible strain rates. For 𝑀𝑛 larger than the limit where the 
particles behave as packed, rigid spheres, the fraction of the Gaussian regime increases and the 
polymeric behavior of these materials dominates. Therefore, the chains are able to interact with 
neighboring particles and transfer stress throughout the network, resulting in mechanical 
reinforcement. Although samples at intermediate and large 𝑀𝑛  fracture at lower strain rates 
compared to their neat counterparts, the GNP materials can tolerate a significantly higher stress 
before failure than the neat melts. Additionally, for low 𝑊𝑖, GNP materials are significantly more 
tough than the neat melts. For use in membrane application, these increases in mechanical strength 





Chapter 5  
 
Segmental and Secondary Relaxations Of Matrix-Free 
Grafted Nanoparticles  
 
In this chapter, we study the segmental and secondary relaxations of matrix-free GNPs and 
compare their behavior to that of neat PMA melts using broadband dielectric spectroscopy (BDS). 
Previous BDS studies of polymer nanocomposites, and grafted nanoparticles specifically have 
focused on systems where the core particle is either much smaller or much larger than the polymer 
radius of gyration. Here we investigate the effects of grafting chains to the surface of particles 
where the particle radius 𝑟~𝑅𝑔. 
 For a dielectric material exposed to an electromagnetic field of sufficiently low strength, 
a temporary separation of the positively charged nucleus and negatively charged electrons is 
induced, called the dielectric displacement. This displacement, 𝐷, as described by Maxwell is 
expressed as: 𝐷 = 𝜀∗𝜀0𝐸 where 𝜀
∗  is the frequency (or time) dependent complex dielectric 
permittivity, 𝜀0 is the dielectric permittivity of a vacuum (𝜀0 =  8.854 x 10
-12 F/m) and 𝐸 describes 
the electric field.46 The complex permittivity as a function of frequency, 𝜔, is further described as: 
𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔) where 𝜀′(𝜔) is the real part, also known as the dielectric permittivity, 
and 𝜀′′(𝜔) is the imaginary part, also known as the dielectric loss. The complex permittivity is 






𝑒−𝑖𝜔𝑡𝑑𝑡 . Experimentally, the complex permittivity is calculated from directly 









 where 𝐽∗(𝜔) is the complex current density and 𝐶0 is the 
vacuum capacitance of the sample holder arrangement. Additionally, the real and imaginary parts 
of 𝜀∗ are related by the Kramers/Kronig relations, therefore the real and imaginary spectra 
measured experimentally contain the same information. 
For the GNO systems, the dielectric loss shows the segmental relaxation is significantly 
broadened and shifted to lower frequencies. The difference between the GNP segmental relaxation 
and the neat systems is most pronounced for low 𝑀𝑛; however, between GNP systems, the effects 
of 𝑀𝑛 on the characteristic time for the segmental relaxation is small, which corroborate SAOS 
and DSC measurements which show minimal effects of 𝑀𝑛 on 𝑇𝑔.  We fit the alpha relaxation in 
the frequency spectra with the Inter-Layer Method (ILM)58,111,112 which more accurately describes 
the dielectric response of heterogeneous polymeric systems which exhibit an interfacial layer of 
reduced polymer mobility as a result of the presence of inorganic fillers. 
The faster secondary relaxations are accessible at low temperatures, and for PMA these 
relaxations are generally attributed to the rotations of the ester side groups. We show that in the 
grafted system, the secondary dynamics show non-monotonic behavior with 𝑀𝑛. For low and high 
𝑀𝑛, the grafted system essentially follows the neat secondary dynamics. But for intermediate 𝑀𝑛, 
we see the grafted system has faster secondary dynamics than the corresponding neat. The faster 
secondary dynamics may further confirm there is more local free volume in the intermediate 𝑀𝑛 
grafted samples, and hence faster diffusion, that was explored in Chapter 2. 
5.1 Materials and Methods 
PMA grafted SiO2 nanoparticles (15nm ± 4 nm diameter, 𝜎 = 0.43chains/nm2) as well as 
neat PMA samples were synthesized and solvent cast using procedures detailed in Section 4.1. 
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Weight fractions were checked using TGA by burning in O2 to 800°C at 10°C/min. Afterwards, 
all samples were stored in a dry box until use. Details of samples used for this study can be found 
in Table 5.1 below.  
Samples were molded for BDS studies by sandwiching directly between two gold 
electrodes to a thickness of 0.1mm and 14mm diameter at 80°C. A Teflon spacer ring was used to 
maintain sample thickness and diameter at elevated temperature. After pressing, samples were 
annealed for at least 24 hours at 80°C under vacuum to remove any traces of water vapor. BDS 
measurements were taken using a Novocontrol Concept-80 system with Alpha-A impendence 
analyzer over a frequency range of 107-10-2 Hz. Temperature sweeps from 353K-133K were 
conducted using a Quatro Cryosystem temperature controller under N2 atmosphere. A thermal 
stabilization of 20min was performed for each temperature step to ensure thermal equilibrium in 
the sample and cell before measuring. 






















  29,900 1.14 30.2 ± 0.001 
43-77   77,100 1.15 11.8 ± 0.2      





N/A N-62 62,800 1.17 
N-125 125,000 1.23 
5.2 Segmental (α) Relaxation Dynamics of PMA Nanocomposites 
For most neat polymers in the bulk state, the peak in 𝜀′′(𝜔) corresponding to the dynamic 
glass transition is termed the α-relaxation process. This peak describes the relaxation time 
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distribution for chain segment relaxation. For polymers with permanent dipole moments along the 
backbone, so-called “type A” polymers, an additional α’prime peak can be detected, corresponding 
to the whole-chain relaxation. The scope of this work, however, covers only polymers without a 
dipole along the backbone, so although whole chain relaxation still occurs, it is not detectable with 
BDS.46 Additionally, using a generalized regularization method (similar to the CONTIN 
algorithm), we can obtain the relaxation distribution as a function of time, 𝑔[ln 𝜏], as opposed to 
frequency. This can help to decouple multiple convoluted relaxation processes which are too subtle 
to see in the dielectric loss spectra. We compare 𝜀" and 𝑔[ln 𝜏] for GNP and neat PMA samples of 
similar 𝑀𝑛 in Figure 5.1. For the composite systems, there is a shift in the peak location to lower 
𝜔 /longer relaxation times, in addition to a systematic broadening of the α-relaxation towards low 
𝜔. This broadening is especially apparent in the 𝑔[ln 𝜏] where the distribution of relaxation times 
show a significant shoulder. These effects are more prominent in low 𝑀𝑛 systems. The Maxwell-
Wagner-Sillars (MWS) process is convoluted with the conductivity in the neat PMA and GNP 
systems. Qualitatively, these results are consistent with poly(2-vinylpyridine) systems with 
roughly similar graft density studied by Holt et al.58 although the shifts to lower frequencies in our 
systems appear to be stronger. For a more quantitative analysis of the BDS data, we fit the loss 
spectra with the inter-layer model (ILM) which we detail in the next section. 
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5.2.1 Inter-Layer Model for α-Relaxation in Composite Systems 
 
Until recently, interfacial contributions to the BDS spectra in polymer nanocomposites 
were traditionally fit by treating the shoulder which appears at low 𝜔 as a completely separate 
relaxation process. Therefore, the spectra were fit with two Havriliak-Negami (HN) functions46, 
which assumes contributions from the bulk-like polymer and the interfacial polymer are 
additive.111  However, this assumption is fundamentally inaccurate, and the interference terms 
Figure 5.1: Segmental relaxation in BDS. Dielectric loss 𝜀” (i) and relaxation distribution 𝑔[ln𝜏] 
(ii) for GNP and neat PMA samples with 𝑀𝑛 ≈  25kDa (A); 75kDa (B); and 130kDa (C). T = 
40°C. Lines on 𝜀” spectra correspond to interlayer method fits (see section 5.2.1) 
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from dielectric boundaries should be taken into account for heterogeneous systems. Therefore, we 
use the so-called “inter-layer” model (ILM) which includes all interference terms and attributes 
the low 𝜔  shoulder to a layer near the particle surface where the polymer segments are 
significantly less mobile, but whose relaxations are still coupled to those of the bulk-like polymer 
segments far from the particle surface.59,111 Note, for GNP systems, the interfacial layer is not the 
same as the grafted corona size, or even the stretched CBR layer as described previously in Section 
4.2.1. For the neat polymer samples, the data are well fit using a single HN curve. Extracting the 
average relaxation time at each temperature and plotting as a function of reduced temperature 
(Figure 5.2A) from fits of the loss spectra, it is clear the GNP systems relax slower than the neat 
PMA. The difference in relaxation time is significantly more pronounced in the low 𝑀𝑛 samples. 
Fitting the temperature dependent relaxation times with the Vogel-Fulcher-Tamman (VFT) 
equation we can extract the fragility, 𝑚, and glass transition temperature (Table 5.2). Here, we 
define 𝑇𝑔,𝐵𝐷𝑆  where log (𝜏) =100. The BDS results show that although there is a broader 
distribution of relaxation times in the GNP systems, the effect of 𝑀𝑛 on 𝑇𝑔 is small in grafted 
composites, which corroborates findings from SAOS and DSC measurements (we note that the 
difference in 𝑇𝑔 as measured by DSC and BDS arises from the difference in cooling rates, which 
will affect the absolute value of  𝑇𝑔
111).  
Figure 5.2B shows the interfacial layer thickness for the two composite systems at different 
𝑀𝑛 as a function of temperature. The temperature dependence of the interfacial layer thickness 
monotonically increases with decreasing 𝑀𝑛. A steeper temperature dependence of the dynamic 
heterogeneity length scale is expected for systems with higher fragility113, and it has been argued 
that there is a direct relationship between the interfacial layer and the dynamic heterogeneity length 
scale114,115 for polymer composite systems.116 However, the fragility indices calculated for GNPs 
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of different 𝑀𝑛  do not differ by an appreciable amount. Additionally, the thickness of the 
interfacial layer is relatively small for PMA systems compared to other polymer-NP 
composites59,111, so for this reason, it is difficult to draw any conclusions about the 𝑀𝑛 dependence 
of free volume from segmental dynamics alone. Therefore, in the next section we study the 
secondary relaxations using BDS at temperatures well below the glass transition. 
Figure 5.2: Temperature dependence of α-relaxation and interfacial layer. (A) α-relaxation time 
from ILM fit (or single HN fit for neat PMA) as a function of reduced temperature. (B) Interfacial 















G-27 251.8 288.3 106.3 
G-77 249.4 286.7 104.7 




N-23 243.4 282.4 101.0 
N-68 244.7 283.5 101.7 
N-125 244.4 284.03 100.4 
 
 
5.3 Secondary (𝜷 and 𝜷′) Relaxation Dynamics from BDS 
 
Far below the glass transition temperature, PMA exhibits a faster relaxation process, most 
likely due to rotations of side groups or other small relaxations on the order of ~a couple 
monomers. Typically, the dielectric loss of these secondary relaxations as a function of frequency 
can be described as a Cole-Cole process and exhibit an Arrhenius temperature dependence.46 In 
PMA specifically, the secondary process is a convolution of a larger, main relaxation (termed the 
𝛽-relaxation), and a smaller 𝛽′-relaxation which more emergent in the 𝑔[ln(𝜏)] spectra (Figure 
5.3). 
Figure 5.4 shows 𝜀′ as a function of frequency at -100°C (𝑇 − 𝑇𝑔 = -120°C) for GNPs and 
neat PMA of various average molecular weights. Additionally, the relaxation time of the β-process 
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extracted from a Cole-Cole fit is plotted as a function of reduced temperature. For low 𝑀𝑛 samples, 
the shape and relaxation times of the GNP and neat samples are similar until very low 
temperatures, where the dynamics of the GNP sample slows considerably compared to the neat 
PMA sample. Additionally, at high 𝑀𝑛, the relaxation times of the grafted material are identical to 
the neat polymer relaxation time for all temperatures studied. However, for the moderate 𝑀𝑛, the 
main secondary relaxation process of the GNP system is faster at all temperatures compared to the 
neat PMA. For the smaller 𝛽′-process, the composite system is consistently slower than the neat 
polymer (not shown). Activation energies determined by fitting the temperature dependence of the 
relaxation times are shown in Table 5.3. 
Figure 5.3: Secondary relaxation time distribution as a function of time for neat PMA 
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To more clearly show the difference in relaxation time between the GNP and neat systems, 
the relative relaxation times log(𝜏𝛽,𝜙/𝜏𝛽,𝑛𝑒𝑎𝑡) are plotted against reduced temperature in Figure 
5.5A.  It is clear the main 𝛽-relaxation process shows non-monotonic behavior as a function of 𝑀𝑛 
in matrix-free polymer grafted nanoparticle materials. At moderate values of 𝑀𝑛, the secondary 
relaxations are approximately 30% faster than neat PMA with a similar molecular weight. We note 
that this minimum in relaxation time occurs in the range where the density of the polymer phase 
was found to be less than that of neat PMA as previously reported in Figure 2.5 of Chapter 2 
(Figure 5.5B). 
Figure 5.4: Secondary relaxation from BDS in PMA composites. Dielectric loss, 𝜀′′, (i) as a 
function of frequency at -100°C and relaxation time as a function of reduced temperature (ii) for 
GNP and neat PMA samples with 𝑀𝑛 ≈  25kDa (A); 75kDa (B); and 130kDa (C).   
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G-27 0.130 0.191 
G-77 0.106 0.164 




N-23 0.110 0.175 
N-68 0.109 0.153 
N-125 0.126 0.153 
 
 We postulate that the reduced density of the polymer phase leads to faster side group 
rotations and/or other small length scale relaxations detected by BDS. The reduction in relaxation 
times also coincides with the maximum in relative permeability detailed in Chapter 2. The faster 
dynamics, as a result of the lower density/higher free volume are potentially correlated to faster 
diffusion, where faster polymer chain movement accommodates jump diffusion for penetrant 
species. Said another way, if fluctuations along the polymer backbone on length scales comparable 
to monomer/penetrant size, connections to free volume pockets may open and close more rapidly 
and penetrant molecules spend less time trapped in a single pocket. For other molecular weights, 
the secondary relaxation times are the same as the neat polymer for temperatures above -90°C. 
Therefore, the enhanced free volume in these systems still allows for faster diffusion compared to 
the neat melt, but the side group rotations at least do not hinder transport.  
The time scales of the beta process and small penetrant diffusion are more comparable than 
that of the mechanical rheology, but anomalous transitions at these moderate values of 𝑀𝑛 appear 
to affect the dynamics and behavior across wide length and time scales nonetheless. Clearly the 
complex structure of these materials leads to complex dynamical responses, which further 
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manifests in surprising macroscopic properties, potentially rendering these systems valuable in a 
wide range of applications.  
Figure 5.5: Relative secondary relaxation times of GNP systems as a function of reduced 
temperature (A). Dashed line represents 𝜏𝛽,𝜙/𝜏𝛽,𝑛𝑒𝑎𝑡 =1, i.e. where the GNP relaxation time is the 
same as the neat; effective density of the polymer phase as a function of 𝑀𝑛 in neat PMA and GNP 
systems with 𝜎=0.43chains/nm2 (B).Solid line is the average density of neat PMA. 
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Chapter 6  
Conclusions and Future Work 
 
In this thesis, we investigate the various properties of matrix-free grafted nanoparticle 
(GNP) systems, including their applications as selective gas separation membranes, structure, and 
dynamics. The transport properties of light gases and condensable solvent vapor are systematically 
studied in matrix-free GNP membranes for various graft density and a wide range of grafted chain 
molecular weight. Based on these results, we also investigate the free volume of these materials 
and compare the results to that of neat polymer melts. Second, we investigate the dry-state structure 
and organization of the nanoparticle cores using small angle X-ray scattering and converted the 
data to a probability distribution function to analyze the structure in real space. The structure was 
also studied as a function of solvent content under in-situ swelling conditions using contrast 
variation small angle neutron scattering. Furthermore, we study the dynamics of matrix free GNPs 
over a broad range of temperatures and time scales. Linear mechanical rheology was used to study 
relaxation mechanisms ranging from segmental (glassy) relaxation through terminal flow using a 
combination of small amplitude oscillatory shear and creep flow experiments. We develop a 
scaling theory to understand how the conformation of a single grafted particle describes the 
multiple modes of relaxation found for these GNP systems. Next, start-up shear was used to study 
the non-linear flow behavior of these materials. Finally, faster dynamics such as the segmental and 
secondary relaxations are studied using broadband dielectric spectroscopy. While nascent, the 
results presented in this thesis - namely the observed transport enhancement and tunable 
mechanical behavior- suggest that matrix-free GNPs are an emergent class of materials that have 
the potential to greatly impact the future design and fabrication of gas separation membranes.  
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6.1 Polymer-Grafted Nanoparticle Membranes with Controllable 
Free Volume 
 
The chemical grafting of polymer chains to inorganic NPs is a novel design platform for 
advanced polymeric membranes. In the matrix-free state, this platform permits precise tuning of 
gas permeabilities and selectivities through the polymer graft characteristics, both above and below 
𝑇𝑔. Surprisingly, the permeability is enhanced non-monotonically relative to the neat polymer melt, 
with a local maximum in this enhancement at moderate 𝑀𝑛. The absolute value of the permeability 
increase simply shifts vertically by manipulating the graft density. For small gases, we find up to 
an order of magnitude enhancement of the permeability, with minor effects on selectivity. The 
quartz crystal microbalance technique elucidates that the increase in permeability is primarily 
driven by a significant enhancement in the diffusion coefficient. Multiple experimental probes also 
show the statistical free volume is directly manipulated by the graft parameters, namely 𝑀𝑛, which 
leads to the enhancement in small molecule diffusion. This is further supported by molecular 
dynamics simulations, which suggest that the polymer brush distorts considerably and may lead to 
lower polymer density in the interstitial spaces. Indeed, experiments also show that at intermediate 
𝑀𝑛, the effective polymer density is lower than that of the neat polymer.  
While we are as of yet unable to cross the “Robeson Upper Bound”, we demonstrate that 
the enhancement of free volume is not limited to a single polymer chemistry, and works in both 
rubbery and glassy polymer systems. Importantly, we find no deleterious aging effects in GNP 
membranes for at least several months, even after aggressive thermal annealing. This work 
suggests that by combining chemical synthesis of high free volume polymers with physical 
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constraints of tethering chains to nanoparticle surfaces significantly increases the available handles 
with which to tune membrane performance.  
Furthermore, we have demonstrated that using a quartz crystal microbalance with energy 
dissipation, we can track in real-time the absorption kinetics to directly calculate the diffusivity 
and solubility parameters, which are in good agreement with values found by conventional steady-
state permeation methods. The use of this method is beneficial in that it is highly accurate and 
requires significantly fewer constraints on sample preparation. Compared to a conventional 
permeation cell apparatus, for example, which requires sample masses on the order of grams and 
completely defect-free membrane preparation, the QCM-D can be used with a few milligrams of 
sample and is not as sensitive to film preparation. We validate that this method, therefore, may be 
suitable as a relatively higher throughput technique to quickly screen new polymer membrane 
candidates, which may further advance the search for high performance gas separation materials. 
We postulate that using these hybrid structures, the stable manipulation of free volume could lead 
to rational design of ever better polymer membranes.  
 
6.2 Determining the Structure of Polymer-Grafted Nanoparticle 
Membranes 
 
We use a combination of microscopy and small angle scattering techniques to study the 
particle morphology of two graft densities over a range of grafted chain molecular weights. 
Visually, we confirm from transmission electron microscopy that as in these matrix-free grafted 
nanoparticle systems, the core particles are well dispersed and no aggregation is occurring for all 
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graft parameters studied. For fixed graft density, the inter-particle spacing increases with 
increasing molecular weight. We do not observe any long-range crystal structures, although the 
micrographs cannot confirm the existence of local ordering. Therefore, we use small angle X-ray 
scattering combined with a pair distribution function analysis to probe the average structure in the 
bulk. SAXS experiments confirm the core particles are uniformly well dispersed, and the inter-
particle spacing increases with increasing 𝑀𝑛. We find the brush height of a single particle scales 
as ~𝑁0.7, which indicates that the chains are very strongly stretched. Damped sine wave fits to the 
pair distribution function analysis indicate these samples are completely isotropic and amorphous 
even at local length scales. Additionally, the morphological changes appear monotonic with 
respect to molecular weight, thus no obvious explanation for the increased volume found in these 
materials is found in the dry-state particle organization.  
Therefore, using a custom designed sample holder, contrast variation small angle neutron 
scattering experiments were conducted to study the changes in morphology upon the absorption 
of a small molecule penetrant. We found no preferential segregation of solvent between the particle 
cores and instead the solvent uniformly wets the entire brush homogeneously. We conclude the 
non-monotonic enhancement in permeability and/or free volume most likely does not arise solely 
from any anisotropy in the core particle morphology of these materials. 
 
6.3 Solid to Liquid Transition of Matrix-Free Polymer Grafted 
Nanoparticles 
The linear viscoelastic response of matrix-free grafted nanoparticle systems for two graft 
densities and varied 𝑀𝑛 was studied over a wide range of temperatures and superimposed to create 
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a full relaxation master curve. Using creep flow tests, we extend the accessible frequency window 
to 16 decades and capture relaxations ranging from glassy, segmental motion through terminal 
flow. For all grafted samples, a significant elongation of the entanglement plateau is observed 
relative to the neat melt of corresponding molecular weight. The plateau modulus is enhanced 
relative to the neat polymer; however, the increase is less than that predicted by the Guth-Gold 
model. At low oscillatory frequency, 𝜔, a second relaxation plateau appears at intermediate 𝑀𝑛, 
and this plateau becomes more prominent as molecular weight further decreases. Large 𝑀𝑛 
systems, on the other hand, behave similar to star polymer melts, with no low- 𝜔  plateau. 
Additionally, the terminal flow regime appears at several decades lower frequency than the 
corresponding neat melts, and this difference increases with decreasing 𝑀𝑛.  
We postulate the low-𝜔 plateau relates to a colloidal-type relaxation of the grafted particles 
as they diffuse via a “cage-hopping” mechanism. This is a result of the brush conformation of an 
individual grafted particle, which behaves akin to a relatively hard sphere. As a result of grafting 
long polymer chains to a highly curved surface, the polymer corona is comprised of two distinct 
conformation regions: a rigid, inner regime where the polymer chains are highly stretched and an 
outer Gaussian regime. Therefore, we develop a scaling theory to estimate the sizes of these two 
regimes as a function of molecular weight and graft density. We find good agreement of the 
estimated brush size with that measured by small angle X-ray scattering. Additionally, the packing 
fraction of the effective “rigid spheres” increases as molecular weight of the brush decreases and 
eventually plateaus at ~0.58, commonly otherwise understood as the packing fraction at the glass 
transition of hard spheres. The transition where the plateau appears occurs at the 𝑀𝑛 where the 
low-𝜔  relaxation processes emerges. Therefore, we conclude the low-𝜔  relaxation is a true 
colloidal relaxation. We therefore can fit the full master curve using the BoB model for the polymer 
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arm relaxation and the mode coupling theory to fit the colloidal process. We note that the transition 
between solid-to-liquid like behavior also occurs in the same 𝑀𝑛 window where we observe the 
largest enhancement of permeability. Although the colloidal relaxation occurs on much longer 
time scales than small molecule diffusion, we do note that the significantly increased terminal flow 
relaxation times are possible explanation as to why grafted nanoparticle membranes do not suffer 
from aging mechanisms compared to neat polymer melts.  
Finally, using non-linear start up shear experiments, we show that for systems with 
intermediate to high 𝑀𝑛, the overall Young’s modulus and toughness are increased relative to that 
of the corresponding neat polymer. However, for small 𝑀𝑛 , the grafted nanoparticle systems 
exhibit brittle fracture at very small strain rates. Therefore, depending on the chain architecture, in 
addition to enhanced transport properties, grafted nanoparticle constructs may offer additional 
mechanical reinforcement for polymer membrane systems which must withstand harsh operating 
environments.  
 
6.4 Segmental and Secondary Relaxations of Matrix-Free Grafted 
Nanoparticles  
Broadband dielectric spectroscopy was used to study the distribution of relaxation times of 
the segmental and secondary relaxations in grafted polymer nanoparticles, and compared to neat 
polymer melts of corresponding 𝑀𝑛. For the segmental, or α-relaxation in the composite materials, 
the dielectric loss is significantly broadened and shifted to lower frequency. These effects become 
more exaggerated as 𝑀𝑛 decreases. We use the inter layer model to fit the segmental relaxation 
and extract the temperature dependence on the thickness of the interfacial layer where the 
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segmental mobility close to the surface of the particle is reduced. The thickness of the interfacial 
layer in the grafted nanoparticle system is smaller compared to that of conventional mixed 
composites from the literature, yet we only find monotonic changes in behavior with changes in 
𝑀𝑛. 
However, the secondary relaxations show that for low 𝑀𝑛grafted systems, the β-relaxations 
of the side group rotations is slower than the neat polymer of a similar molecular weight. At 
intermediate 𝑀𝑛, the β-relaxation is consistently faster over a range of temperatures in the grafted 
system versus the neat and mixed composites. Finally, for large 𝑀𝑛  systems, β-relaxation is 
relatively unaffected for the composite systems relative to the neat analog. This non-monotonic 
behavior of the secondary relaxations in matrix-free grafted nanoparticle systems is possibly linked 
to the lower effective density of the polymer phase detailed in Chapter 2. The apparent increase in 
free volume of these systems therefore seems accessible only on very small length and time scales. 
We conclude, therefore, that the rational design of next generation gas separation membranes, or 
other functional nanocomposite materials require careful characterization on the molecular scale. 
Clearly the multifaceted structure of these materials leads to complex structure and dynamical 
responses, which further manifests in surprising macroscopic properties, potentially rendering 
these systems valuable in a wide range of applications.  
 
6.5 Future Work 




6.5.1 Improvements to Grafted Nanoparticle Gas Separation Membranes 
 
The use of grafted nanoparticle constructs significantly increases the parameter space 
available to improve the performance of polymer membranes for gas separation. Here, we detail a 
few examples of potential avenues which are as of yet untested in their effect on gas transport 
properties, although this list is far from exhaustive. 
 Although we have demonstrated so far that matrix-free grafted nanoparticle constructs 
show controllable increases to permeability via manipulation of chain architecture for both PMA 
and PMMA, we still are unable to cross the Robeson upper bound. However, these particular 
polymers serve merely as a proof of concept, and grafting other, more industrially relevant 
polymers may allow for membranes which outperform the current state-of-the-art. For example, 
grafting polymers which are more highly selective or highly permeable may lead to enhancement 
which breaks the upper bound. A couple classes of polymers which we are currently investigating 
are those of poly(acetylenes) and poly(acrylonitriles). Other polymers, such as polymers with 
intrinsic micro-porosity (PIM), have exceptionally high permeability, but due to aging, the 
permeability is dramatically reduced in a few hours.117 The concept of grafting may be useful to 
extend the lifetime of these materials or even current commercially available polymer membranes, 
as we have demonstrated that these nanocomposites significantly slow the process of aging.  
 In addition to chemical variations of the grafted brush, other parameters of the filler cores 
are yet to be investigated. One particular area of interest may be investigating the role of 
polydispersity of the nanoparticle cores. Recent work by Bachhar and coworkers118 has shown that 
polydispersity may significantly hinder crystalline self-assembly. As the silica nanoparticles used 
in these studies are considerably polydisperse, this may explain why we do not observe any 
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anisotropy, even on local length scales. It is not obvious, however, if long-range crystalline order 
would improve or deteriorate diffusion of small molecules. One the one hand, MD simulations 
predicted that in crystalline systems, areas of local polymer density are located in the interstitial 
spaces between particles. Perhaps if these “pockets” are aligned to create roughly percolated 
systems, the diffusion enhancement might increase further. However, local frustration due to 
inefficient particle packing and organization may explain why the free volume is so significantly 
increased in these materials in the first place. Therefore, creating more monodisperse and 
potentially more ordered systems may or may not further improve the permeability. 
Additionally, varying the size and/or shape of the nanoparticle core may change the inter-
particle morphology or conformation of the grafted corona. On-going theoretical work within the 
Kumar group show, for example, that grafting from cubic particle cores leads to anisotropic corona 
shapes, which in turn changes the crystalline unit cell lattice type. These variations in structure 
both between multiple particles and within the brush of a single particle may lead to changes in 
the fractional free volume, leading to different effects on the permeability of small molecules. 
Additionally, changing the chemical composition of the cores from an inert material to one that 
may play an active role in gas separation, such as a zeolite material, could help to improve the 
selectivity in these materials. Furthermore, changes to the core geometry and chemical 
composition may improve the mechanical reinforcement. In order to design next generation 
membrane materials, then, the effects of multiple parameters must be better understood, which is 





6.5.2 Free-Volume Distribution in the Presence of High Molecular Weight 
Solvents of Grafted Nanoparticle Materials 
  
Preliminary results show that the addition of small amounts of free matrix chains to a 
membrane of polymer grafted nanoparticles of similar 𝑀𝑛 results in a non-monotonic effect on the 
selectivity between CO2 and CH4. Although the permeability drops systematically as the weight 
fraction of added matrix chains, 𝜔𝑓𝑟𝑒𝑒, it appears as though the degree to which permeability is 
affected is dependent on the size of a given penetrant (Figure 6.1A). Because the permeability for 
the larger CH4 molecules decreases much more rapidly, at low loadings of free polymer, there is a 
large increase in selectivity of CO2
 (Figure 7.1B). Eventually at high loadings, the permeability 
and selectivity approaches that of the neat polymer, thus the effects imposed by the grafted 
particles is completely erased. We postulate that because the size of the free chains is comparable 
to that of the tethered chains, the free polymers cannot wet the brush and are forced to segregate 
Figure 6.1: Effects of additional free polymer chains on small gas permeability and selectivity 
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on the outside of the grafted corona. Although we showed in Chapter 3 that small molecule 
solvents wet the brush homogeneously, the addition of free polymers significantly restricts the 
available free volume on the outside of the grafted corona. In the limit where the decrease in free 
volume is only enough to significantly restrict the diffusion of the larger CH4 molecules, the 
selectivity of CO2 rapidly increases. Eventually, the added free chains also reduce the available 
free volume such that the permeability also decreases sharply for CO2.  
Therefore, if the free chains are restricted to outside the brush, we should be able to detect 
this using contrast variation small angle neutron scattering. If a “high molecular weight” solvent 
such as a polymer chain cannot penetrate the grafted brush it should instead preferentially 
segregate in the interstitial spaces between the particles. This would validate the hypothesis that 
there is an average reduction in polymer density between particle cores in matrix-free systems. 
Understanding the origins of the penetrant size dependence in films with added free polymer will 
aid in the rational design of next generation gas separation membranes. This is therefore an 
ongoing focus in the study of the structure of these hierarchical grafted nanoparticle materials. 
 
6.5.3 Dynamics of Matrix-Free Grafted Nanoparticles 
Broadband dielectric spectroscopy has shown that the secondary β-relaxations show a non-
monotonic trend in relaxation time as a function of 𝑀𝑛 . For intermediate 𝑀𝑛 , where we also 
observe the highest enhancement in permeability as well as a transition in the long-time flow 
dynamics, the secondary relaxations are consistently faster than that of the corresponding neat 
polymer. In order to better determine specific length and time scales at which the dynamics of the 
grafted system surpass those of the neat polymer, we propose to use quasi-elastic neutron 
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scattering, specifically neutron backscattering. Preliminary mean squared displacement, 〈𝑢2〉, as a 
function of temperature from backscattering fixed window scans of matrix-free PMA-g-SiO2 
samples of two molecular weights and fixed graft density compared to neat PMA of corresponding 
molecular weight are plotted in Figure 6.2. 
 
For grafted nanoparticle systems below the maxima/transitions found from other studies 
detailed in this dissertation, the dynamics are systematically slower than that of the neat polymer 
of comparable molecular weight. However, in the range where we see faster secondary dynamics, 
the mean squared displacement of the grafted system is higher for the grafted nanoparticle sample, 
indicating the mobility of these systems is increased. The dependence on sample preparation as 
well as the accessible temperature range is preferential for neutron backscattering versus dielectric 
spectroscopy. Therefore, we propose to use backscattering to study the dynamics of a wide range 
of 𝑀𝑛. It still remains unclear if the remarkable small molecule transport in grafted nanoparticle 
materials is a result of the polymer chain dynamics, or the dynamics are merely another proxy with 
which to understand the origins and effects of increased free volume within these systems. 
Figure 6.2: Mean-squared displacement as a function of temperature of matrix-free grafted 
nanoparticle materials at 𝜎=0.47chains/nm2 (squares) compared to neat PMA (circles) for average 
molecular weight A) ~65kg/mol and B) ~90kg/mol 
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However, because quasi-elastic neutron scattering allows us to obtain explicit information on the 
time and length scales of dynamic processes, this will be a powerful tool in answering this question 
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 – Experimental Methods 
A.1 Synthesis of Grafted Nanoparticles  
A visualization of the synthetic scheme of the surface initiate reversible addition-
fragmentation chain transfer polymerization from the surface of silica nanoparticles is shown in 
Figure A- 1. DoPAT (1.75g, 5mmol) and 2-mercaptothiazoline (0.596 g, 5 mmol) were dissolved 
in 20mL dry CH2Cl2. (Dimethylamino)pyridine (DMAP) (61 mg, 0.50 mmol) was added slowly 
to the solution. After stirring for 10min at 0℃, dicyclohexylcarbodiimide (DCC) (1.24 g, 6.00 
mmol) in 10mL CH2Cl2 was added to the solution and stirred at room temperature for 1 hour. After 
the reaction, the salt was removed by filtration. The solvent was evaporated by vacuum and 
followed by silica gel column chromatography (5:1 mixture of hexane and ethyl acetate) to get 
activated DoPAT as yellow oil (2.10g, 93% yield).  13C NMR (75MHz, CDCl3) δ (ppm): 222.80, 
201.22, 173.25, 56.41, 48.73, 37.52, 31.93, 29.64, 29.56, 29.45, 29.36, 29.10, 28.97, 28.92, 27.91, 
22.71, 16.44, 14.15 (Figure A- 2). 1H NMR (300 MHz, CDCl3) 𝛿 (ppm): 6.46 (q, 1H, J =7.1 Hz), 
4.62-4.70 (m, 1 H), 4.42-4.52 (m, 1H), 3.38-3.48 (m, 1H), 3.21-3.34 (m, 3H), 1.51-1.75 (m, 5 H), 
1.25-1.42 (m, 18 H), 0.88 (t, 3H, J =7.0 Hz) (Figure A- 3). Elemental Analysis: calculated for 
C19H33NOS5: C, 50.51; H, 7.36; N, 3.10; S, 35.48; found C, 51.31; H, 7.36; N, 3.20; S, 34.46. 
Silica nanoparticles (50.0g, 30 wt% in MEK solution) were added to a round bottom flask 
with 150 mL THF and 3.0 mL 3-aminopropyldimethylethoxysilane. After purging with N2 for 
30min, the solution was refluxed at 75 °C for 5 hours. The solution was then cooled to room 
temperature and precipitated into large amount of hexane. The amine functional silica 
nanoparticles were recovered by centrifuge at 5000 rpm for 5 minutes. The dispersion-precipitation 
process was then repeated two more times. The silica nanoparticles were then dispersed in 150mL 
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dry THF and added to 1.25g activated DoPAT THF (3mL) solution. The solution was stirred 
overnight and precipitated into a large amount of methanol and re-dispersed in THF. This 
dispersion-precipitation process was repeated until the supernatant solution was colorless. The 
nanoparticles were placed in a room temperature vacuum oven to dry. The grafted density of 
DoPAT-NP was determined with TGA.  
A typical example of the polymerization method is described here:  DoPAT-NP (0.35g, 
σ=0.43 chains/nm2) was dispersed in 14mL DMF and 7.37mL methyl acrylate (0.081 mol). AIBN, 
dissolved in DMF (0.356mL, 0.01M), was added to the solution, and finally the mixture was 
transferred into a dried Schlenk flask. (The methymethacrylate polymerization followed the 
literature.70) The mixture was degassed by three freeze- pump- thaw cycles, backfilled with 
nitrogen, and then placed in an oil bath at 60 °C. The polymerization solution was quenched in ice 
water after 2.25 hours. THF (20mL) was added to the flask and the solution was poured into 
hexanes (120mL) to precipitate PMA-grafted nanoparticles. The PMA-grafted silica nanoparticles 
were recovered by centrifuge at 3000 rpm for 10 min. The nanoparticles were dispersed in 50mL 
THF and precipitated in 100ml methanol.  This dispersion-precipitation process was repeated for 
another five times.  





Figure A- 2: 13C NMR of Activated DoPAT 
Figure A- 3: 1H NMR of Activated DoPAT 
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To obtain the graft molecular weights, the polymer chains were cleaved by treating 50mg 
nanoparticles in 3 mL THF with 0.2mL HF (51% aqueous solution). The molecular weights and 
dispersity indices (Đ) of the resulting grafts were then analyzed by GPC.  
 
A.2 Gas and Vapor Flow Control Apparatus 
Flow rates of gases, including nitrogen used for solvent vapor streams, were controlled 
using MC-200SCCM-D mass flow controllers (Alicat Scientific). These controllers can be 
remotely controlled with a computer for nearly instantaneous flow rate changes and are calibrated 
for use with of multiple gas species. All tubing and fittings are PTFE unless otherwise noted.  
A.2.1 Gas Flow Control 
 For light gas applications, we used two mass flow controllers (MFC) with one dedicated to clean, 
dry nitrogen off of a compressed cylinder. Other gases (e.g. CO2 or CH4) were controlled with the other 
MFC, connected to a compressed gas cylinder for the respective species. Inlet pressures to MFCs were help 
constant at 30psi. Lines were routed to a chemical fume hood exhaust and flushed for ~5 minutes after 
switching gas type. When films were not being tested, a steady supply of pure nitrogen at 100sccm was 
continuously purging over the crystal. To begin a light gas QCM experiment, the nitrogen MFC was 
switched off at the same time the test gas was set to 100sccm.  So long as the gas retention rate in the 
headspace above the crystal was very small (<1s), effect of gas flow rate on the diffusion constant was 
negligible. For concentration effects (see section B.6) on CO2 diffusion, CO2 and nitrogen were mixed 




A.2.2 Vapor Flow Control 
A saturated penetrant stream is created by bubbling 50sccm of dried and filtered nitrogen 
gas through pure liquid ethyl acetate through successive fritted gas washers (“bubblers”). Nitrogen 
is used as the carrier gas because its solubility in these materials is much lower than ethyl acetate, 
and at standard conditions (298K, 1atm) we do not observe any discernable sorption of nitrogen 
above noise using standard QCM (without energy dissipation). The bubblers are submerged in an 
ethylene glycol circulating bath to hold the solvent at a constant temperature, which is held at 0°C 
for QCM experiments (Chapter 2), and is varied for SANS experiments (Chapter 3). For QCM 
experiments, prior to entering the solvent bubblers, the nitrogen stream was passed through a 
copper cooling coil also submerged in the ethylene glycol bath, to ensure the gas temperature was 
the same as the liquid solvent. This saturated stream can be mixed down with a known mass flow 
of pure nitrogen (ranging from 100 to 20sccm) from the second MFC, allowing for precise control 
of penetrant partial pressure. Ethyl acetate partial pressure is calibrated using a gas chromatograph 
with a flame ionization detector (Agilent). 
Differential sorption experiments are conducted by incrementally decreasing the flow rate 
of dried nitrogen used for mix down, effectively increasing the partial pressure of penetrant in the 
vapor stream. After mixing, the vapor is flowed into a copper heating coil submerged in a water 
bath held at 25°C to bring the stream back to room temperature. Temperature of the gas is 
monitored with thermocouples at various points within the lines. To ensure the vapor stream is in 
equilibrium after start-up of the bubblers before exposing the films, the stream is routed to a 
chemical fume hood exhaust via a three-way ball valve. After ~5min, the valve is turned to direct 
flow to the crystal. For subsequent measurements where the nitrogen bypass is systematically and 




A.3  QCM Measurement Technique 
Here we present in more detail QCM measurements and data analysis methods. For 
supplemental material to Chapter 2, refer to Appendix B.  
After preparation of films on QCM crystals using methods detailed in Chapter 2, dry film 
frequencies and resistances, 𝑓𝑓 and 𝑅𝑓, respectively, were recorded prior to gas/solvent annealing 
the films under a saturated gas or penetrant vapor stream for at least 12 hours. Films were then re-
dried under 100sccm of nitrogen for 24 hours. Film frequencies and resistances measured after 
solvent annealing were within 10Hz or 0.05Ω of those measured before solvent annealing. Mass 
added (per unit area) onto the crystal surface depresses the crystals resonant frequency, and 
external damping increases the crystal resistance. In the limit that the added polymer film is rigid 
and the mass uptake ∆𝑚 is small relative to the mass of the film, the frequency response is linear 
and related to material properties based on the Sauerbrey Equation 119:  
 ∆𝑚 = −
√𝜌𝑞𝜇𝑞
2𝑓𝑞
2 ∆𝑓,     ∆𝑅 = 0 (A.1) 
where ∆𝑓 is the frequency change and 𝜌𝑞 and 𝜇𝑞 are the density and shear modulus of quartz, 
respectively. 𝛥𝑓 and 𝛥𝑅 (the change in the resistance of the crystal) are recorded continuously via 
data acquisition software to allow for in situ measurement of penetrant mass loading. Note that for 
vapor experiments, where the penetrant has high solubility and relatively high mass, crystal 
frequency fluctuations become larger with increasing solvent concentrations, limiting the accuracy 
of experiments for penetrant pressure, relative to its saturated value, above 0.35atm.  Since we 
observe no significant increase in 𝛥𝑅 for film thicknesses below 950nm, the Saurbrey’s equation 
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holds to calculate the total mass uptake as a function of 𝛥𝑓. Fick’s Law for transient diffusion can 











where 𝐷 is the diffusion constant, 
𝜕𝐶
𝜕𝑥
 is the concentration gradient across the membrane direction 
𝑥 , and 
𝜕𝐶
𝜕𝑡
 is the concentration change with time. The appropriate boundary conditions are  
𝜕
𝜕𝑥
𝑐(0, 𝑡) = 0 , 𝑐(𝑙, 𝑡) = 𝐾𝑐1, and 𝑐(𝑥, 0) = 𝐾𝑐0, where 𝑥 = 0 corresponds to the crystal surface 
and 𝑥 =  𝑙  corresponds to the carrier gas/film boundary, where 𝑙  is the film thickness. The 
measured mass uptake per unit area 𝑀 during a sorption experiment is defined as 
∫ 𝑐(𝑥, 𝑡) − 𝐾𝑐0𝑑𝑥
𝑙
0

















𝑛=1 ] (36).  In the limit of short and long time scales, this equation reduces to  
 lim
t→0






  (A.3) 
 lim
t→∞










Short time diffusion constants, 𝐷𝑠𝑡, were calculated by fitting Equation A.3 to the data in 
the range of 0.1<?̃?<0.45; long time diffusion constants, 𝐷𝑙𝑡, were calculated by fitting Equation 
A.4 to the range of 0.6<?̃?<0.95.  For a truly linear sorption experiment, 𝐷𝑠𝑡 = 𝐷𝑙𝑡. The penetrant 
weight fraction in the film was calculated using the relation  𝜔1 = Δ𝑓/(Δ𝑓 + 𝑓𝑞 − 𝑓𝑓) where the 
subscripts 1 and 2 refer to the penetrant and polymer, respectively.  Partition coefficients were 
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 , where 𝑝1 is the experimental partial pressure. Permeability data 
were fit to 2-parameter exponential models using Microsoft Excel. 
A representative example of frequency data and diffusivity extraction from ?̃?(𝑡) 
employing Fickian diffusion is shown in Figure A- 4A and Figure A- 4B. The fits of Equations 
A.3 and A.4 to the data accurately capture the diffusion processes exhibited by both the neat and 
grafted composite materials. The frequency shift after one hour also remains stable for long times 
up to 5 days, indicating that the penetrant has reached equilibrium within the sample. The 
calibration of the Saurbrey equation for these materials (Figure A- 4C) show that this equation is 
valid for film thicknesses as large as 1.2𝜇𝑚. The combination of the well-modeled data and good 
agreement between 𝐷𝑠𝑡 and 𝐷𝑙𝑡 (Figure A- 4D) indicate that the diffusion mechanism for both neat 
PMA and PMA-g-SiO2 nanocomposites is indeed Fickian.  
Unsteady sorption measurements of CO2 were carried out using a QCM equipped with a 
flow cell (Biolin Q-Sense, Switzerland). Different partial pressures of each gas in nitrogen were 
prepared in a manner similar to that described above, but the gas streams were directly mixed at 
known temperatures and pressures and the partial pressure of the gas was deduced using the ideal 
gas law. Shifts in ∆𝑓 and sensor dissipative energy ∆𝐷 were modeled using the Voight-Kelvin 
Model.120   
Gas diffusion constants are measured in the manner described above.  Gas solubility was 








Where 𝑇 and 𝑷 are the experimental temperature and pressure, respectively, 𝑅 is the gas constant, 
𝑃𝑝𝑎𝑟𝑡𝑖𝑎𝑙  is the gas phase partial pressure and  𝑀𝑔𝑎𝑠 is the molecular weight of the gas.  Gas 
solubility measurements were conducted at 35°C so as to allow comparison with Robeson plot 
data, which is historically reported at this temperature.   
 
Figure A- 4: Quartz crystal microbalance analysis methods. (A) Representative experimental data 
from a QCM experiment. Each sharp drop in frequency corresponds to a step change in penetrant 
activity; (B) Representative fitting of overall fractional mass uptake for a single step change to 
Fick’s equations; t is time, and t0 is the initial time at which the experiment was begun. (C) 
Verification of Sauerbrey Equation as a function of film thickness. This equation is used to 
estimate film thickness from 𝛥𝑓 when change in crystal resistance is less than 0.5Ω. All CQM 
experiments were performed on films less than 1𝜇𝑚 thick; (D) comparison of 𝐷𝑠𝑡 (red) and 𝐷𝑙𝑡 
(blue) for a neat PMA melt and a PMA composite, as a function of penetrant weight fraction, 𝜔1, 
in the polymer phase. Within error, 𝐷𝑠𝑡 and 𝐷𝑙𝑡 are equal to each other, indicating interval step 




A.4 Free Volume Characterization 
A.4.1 Positron Annihilation Lifetime Spectroscopy (PALS) 
PALS analysis was performed on bulk, dry samples of PMA composites at the University 
of Michigan. Intensity spectra were fit to a single positronium (Ps) lifetime 𝜏3 using the software 
POSFIT. The Ps lifetime and free volume element size can be correlated using the Tau-Eldrup 
model, which assumes an infinitely deep spherical well where the Ps annihilate with electrons 
when it is within a short distance of the element surface:  
1
𝜏3










where 𝑟0 is the electron layer thickness, estimated at 0.1656Å, and 𝑟 is the radius of the average 
free volume element.  This model is accurate for nanopores (𝑟 < 1nm). Fitting with the rectangular 
Tau-Eldrup Model, which is valid for larger pores, yields similar results.121 
 
A.4.2 Surface Area Analysis via N2 Adsoprtion (BET) 
Specific material surface area and average pore sizes were probed using N2 
adsorption/desorption at 77K using a Quantachrome Nova2200E pore size analyzer (Florida). 
Approximately 200mg of sample was dried under vacuum at 25°C, 75°C and 150°C successively 
each for one day to ensure each material was free of any solvent.  The samples were then degassed 
under ultra-high vacuum (<.001mmHg) at 100°C for 16 hours, weighed and then transferred to the 
analysis system.  Sorption and desorption were carried out at liquid nitrogen temperature (77K).  
Apparent surface areas were calculated from N2 adsoprtion data using the multipoint Brunauer-














   ,    𝑐 ≈ 𝑒
𝐸𝑎𝑑𝑠−𝐸𝑐𝑜𝑛𝑑
𝑅𝑇  (A.6) 
Where 𝑝 is the partial pressure of N2, 𝑝0 is the saturation pressure, 𝑣 is the total volume of gas 
adsorbed, and  𝑣𝑚 is the volume of gas adsorbed when the entire surface is covered by a monolayer 
of gas. 𝐸𝑎𝑑𝑠 and 𝐸𝑐𝑜𝑛𝑑 are related to the energies of adsorption and condensation, respectively, 
and can provide information on the heat of adsorption.  This model is typically valid for 
experimental data points where the relative N2 pressure 𝑃 𝑃0
⁄ < 0.3 , which corresponds to a 
monolayer of N2 having adsorbed on the sample. Pore size distributions are calculated from the N2 
desorption data using the Barrett, Joyner and Halenda (BJH) method123, which is sensitive to pore 
sizes in the range of 1-50nm. It should be noted that insufficient amount of the PMA composite 
with 𝑀𝑛=92kDa; we instead report results from a PMA composite material with 𝑀𝑛=101kDa at a 
similar grafting density of σ= 0.44chains/nm2. 
Representative N2 adsorption and desorption isotherms of neat PMA (𝑀𝑛=135kDa) and 
PMA composites (𝑀𝑛=132kDa, σ = 0.43chains/nm
2) is shown in Figure A- 5A.  The Y-axis shows 
the volume of N2 sorbed per mass of sample.  From these raw data it is evident that the composite 
materials have higher N2 solubility than neat PMA at similar 𝑀𝑛. The relative increase in adsorbed 
N2 for both adsorption and desorption experiments is shown in Figure A- 5B. The composite 
material contains more adsorbed N2 for the representative relative pressure in both adsorption and 
desorption experiments. It is important to note that while there is indeed a hysteresis present in 
both neat and composite PMA samples, the composite outperforms the neat polymer in both 
respects.  Intermediate PMA composite 𝑀𝑛 (for example, 62kDa, see Figure A- 5C) show even 
greater solubility enhancements. 
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The measured BET surface area calculated from Equation A.7 of the composite materials is shown 
Figure A- 5: N2 Adsorption/Desorption Isotherm and Solubility (A) Comparison of N2 sorption 
isotherms (cc/g) for neat PMA and PMA-grafted nanoparticles at high Σ (0.43chains/nm2) with 
comparable molecular weights. The composite isotherm distinctly lies above that of neat PMA; 
(B) Relative N2 solubility in the composite (𝑀𝑛 = 132 kDa) during adsorption and desorption at 
a variety of N2 pressures. Neat PMA (𝑀𝑛 = 135 kDa) is denoted by the black dashed line; (C) 
solubility enhancement of two composite materials (𝑀𝑛 = 62 kDa and  132 kDa) (D) Relative 
increase of material surface area (cc/g); (E) Correlation of pore sizes measured from BET and 
PALS free volume element sizes 
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in Figure A- 5D.  We also report the volume-specific surface area obtained by multiplying the 
surface area on a per-mass basis by the measured density of the material 
   
 𝑆𝐴𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 = 𝜌𝑐 × 𝑆𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (A.7) 
In the case of neat PMA, 𝜌𝑐 is replaced with 𝜌𝑝𝑜𝑙𝑦.  In both cases the surface area is elevated 
compared to neat PMA. Composites with moderate 𝑀𝑛  display the highest relative surface area 
increase.   
The average pore radius extracted from the desorption data is shown in Figure 2.4C. We 
observe relative pore size increases that are qualitatively consistent with those measured from 
PALS (note that this does not include the 𝑀𝑛=101kDa composite, for which PALS data was 
unavailable) as shown in Figure A- 5E. The increase in N2 solubility, material specific surface 
area, and average pore size serve as confirmations that the PMA composites indeed possess 
elevated solubility for a variety of light gases, and that additional surface area and volume is 
available in the composite materials to allow for increased gas uptake.  
 
 
A.5   Differential Scanning Calorimetry (DSC) 
Glass transition temperatures, 𝑇𝑔 , of matrix-free grafted nanoparticle composites with 
varied 𝑀𝑛  and σ as well as neat PMA melts of comparable molecular weights were measured 
using temperature modulated differential scanning calorimetry (TMDSC) (TA Instruments 
Discovery250, New Castle, DE, USA). 5-10mg samples were cut from solvent cast, annealed films 
approximately 0.5-1mm in thickness. Samples in aluminum T-zero pans were compared with 
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empty reference pans. Thermal history was erased by equilibrating pans at 110°C for 35min. 
Afterwards, temperature was ramped to -30°C at 2°C/min and modulated at ±1.27°C every 60s. 
𝑇𝑔 values were extracted from reversible heat capacity versus temperature using the TA TRIOS 
software. 
Figure A- 6 shows 𝑇𝑔  as a function of 𝑀𝑛 for both grafted PMA composites at 0.43chains/nm
2 
and neat melts. As expected, PMA melt 𝑇𝑔 data obey the Fox-Flory equation as a function of 
molecular weight: 






∞ is the high molecular weight asymptote and 𝐾 is the Fox-Flory constant. A least-squares 
fit gives the parameter 𝐾 to be ~3.6x105, which is in reasonable agreement with published results 
for PMA.124  Interestingly, 𝑇𝑔 does not appear to change with molecular weight in the grafted 
Figure A- 6: Glass Transition Temperature Tg of PMA Grafted Nanoparticles at 0.43ch/nm3 and 
various 𝑀𝑛 (⬜) and linear PMA melts of corresponding 𝑀𝑛 (◆)  
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system. The 𝑇𝑔 for all the grafted samples are equal within experimental error to the melt 𝑇𝑔
∞ 
regardless of graft molecular weight, and therefore silica content.  
 
A.6   Thermogravimetric Analysis (TGA) 
Weight fractions of silica core particles were determined using either a TGA-Q500 
Discovery TGA (TA Instruments). Approximately 7-14mg of sample was loaded into a tared 
platinum 100µl TGA pan. Pans were first cleaned by gently rubbing the surface with a cotton-
tipped applicator dampened with acetone. Remaining dust and debris were removed by heating the 
pans with a butane torch for ~15 seconds. Samples were first held at 100°C for 30min to determine 
if any residual solvent was present. Next, samples were heated in oxygen to 700°C at a rate of 
10°C/min. Silica residue was calculated at 690°C using the TA Instruments software (Universal 
Analysis and/or TRIOS). TGA tests were repeated at least three times for each material. 
A.7   Computer Simulations 
A.7.1 MD Simulation of Ordered Nanoparticle Lattice 
Each nanoparticle of diameter 𝑠𝑛 = 10𝑠 is grafted with 𝑁𝑐 = 200 linear polymer chains 
of length 𝑁𝑝 = 10. Any pair of particles 𝑖 and j at a distance 𝑟𝑖𝑗 apart, where 𝑖, 𝑗 ∈ {𝑛, 𝑝} with 𝑛 
and 𝑝 indicating nanoparticle and polymer respectively, interact with each other via the Lennard-
Jones (LJ) potential 










] , 𝑟𝑖𝑗 <  𝑟𝑐 + 𝛥𝑖𝑗 (A.9) 
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where ε  and s  set the energy and length scales. We choose 𝛥𝑛𝑛 = 𝑠𝑛 − 𝑠 = 9𝑠 , 𝛥𝑛𝑝 = (𝑠𝑛 −
𝑠)/2 = 4.5𝑠 and 𝛥𝑝𝑝 = 0. The cutoff distance is set as 𝑟𝑐 = 1.12𝜎 such that the pair potential is 
purely repulsive. All the chain monomers are connected via the finite extensible nonlinear elastic 
(FENE) bond of strength 𝐾 = 30 𝜀/𝑠2 and length 𝑅0 = 1.5𝑠. (37) The first monomer of each 
chain is anchored on the surface of the nanoparticle with a rigid bond. All particles have the same 
mass 𝑚, and the Boltzmann constant 𝑘𝐵 is set to unity. 
 The LAMMPS simulation package is used with a time step 𝑑𝑡 = 0.001𝜎√𝑚/𝜀. (38) The 
system of 𝑁𝑛 = 32 polymer grafted nanoparticles are first generated on a dilute face-centered 
cubic (FCC) lattice. After relaxation of polymer chains at temperature 𝑇 = 1.0 𝜀, the FCC lattice 
is rapidly compressed to the final pressure 𝑃 = 2.0 𝜀/𝜎3. The system is then equilibrated for 106 
time steps at 𝑇 = 1.0 𝜀 and 𝑃 = 2.0 𝜀/𝜎3.  
 
A.7.2  Single Particle Surface Analysis 
We performed MD simulations to clarify the surface structure of isolated polymer-grafted 
nanoparticles (i.e., a particle in a dilute solution). The simulation method is similar to the 
calculation for the equilibrium configuration of polymer-grafted nanoparticles on a crystal lattice. 
Each nanoparticle of diameter 𝜎𝑛 = 7𝜎 (𝜎 is the diameter of one coarse-grained monomer) is 
grafted with 𝑁𝑐 = 30 linear polymer chains of length 𝑁𝑝 = 5, 10, 20, in a series of simulations. 
We looked for the farthest polymer beads that lay directly at a certain position on the surface and 
determined the effective radius of this particle at that position on the surface by time averaging for 
106 time steps at 𝑇 = 1.0. The effective surface was found by repeating this operation for every 




A.8 Small Angle X-Ray Scattering (SAXS) 
Bulk SAXS measurements as well as dilute solution particle form factor measurements 
were performed using SAXSLAB (Xenocs, Sassenage, France) laboratory instrumentation at 
Columbia University using 4 sample to detector configurations (“ESAXS”, “SAXS”, “MAXS”, 
and “WAXS”). In-situ swelling experiments were conducted at the South Carolina SAXS 
Collaborative (University of South Carolina, Columbia SC, U.S.A). by connecting the SANS 
vapor flow control system described below in section A.9.2 to the vapor chamber accessory using 
the “SAXS” detector configuration.   
A.9 Small Angle Neutron Scattering (SANS) 
Thin film swelling SANS measurements in transmission were performed at either the 
NCNR (Gaithersburg, MD, USA) on the NG-7 beamline (λ= 6A) or the Laboratoire Lèon Brillion 
(LLB) (Saclay, France) on the PA20 beamline (λ= 5A) using two sample to detector distances of 
4m and 1m, respectively, to achieve a q range of    0.008A-1 – 0.4A-1. The geometry of the sample 
holder restricts the high-q limit of the data relative to standard instrument configurations. 
A.9.1 Sample Flow Cell Design for SANS Swelling 
Due to the relatively low flux of SANS beamlines compared to those of synchrotron or 
even laboratory X-ray sources, coupled with the limited availability of neutron research facilities 
worldwide, SANS measurements are ideally performed with thick samples which minimizes 
counting time while maintaining good statistics. For our swelling experiments, however, sample 
thicknesses are constrained by the timescales required for the film to reach equilibrium with the 
vapor. For neat PMA and PMA-grafted composites, the diffusion coefficient for ethyl acetate is 
on the order of 10-8 cm2/s.4 A simple analysis following 𝑡~
𝐿2
𝐷
 yields for 𝑡~1s that 𝐿, the film 
thickness should be ~1µm. To limit the equilibration time scales we therefore limit film thickness 
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to 1𝜇m. So-called “stacking” of supported films on silicon wafers is a common method to increase 
sample volume in such cases.125,126 In order to ensure all films were equally exposed to a controlled 
vapor stream, we required a custom flow cell which could accommodate the simultaneous swelling 
of multiple thin supported films. Although Shelton et. al. showed structural evolution during in-
situ thin film solvent annealing could be tracked using only two films in contact with solvent 
vapor127, this multi-film device allows us to deal with films with exceptionally long diffusion 
times. 
 Our custom flow cell (Figure A- 7) was produced using direct metal laser sintering from 
titanium oxide (Stratasys Direct, INC). The faces of the cell were designed to match those of the 
standard titanium sample cells from the NIST Center for Neutron Research (NCNR) and are 
compatible with the standard quartz windows and stainless steel retainer plates. The inside of the 
cell holds ten 1” diameter wafers back-to-back so that when sealed, each film is directly exposed 
to a small inner chamber where vapor passes through. The top is secured with stainless steel 
screws, and an indium wire gasket lines the lip of the base prevents leaks.  
 All interior holes inside the cell are 1/8’’ in diameter or smaller, which increases gas 
velocity and ensures that all six inner chambers receive sufficient gas flow. The inlet and outlet 
ports can be customized to allow for flexibility in setup at different beam lines/neutron facilities. 
For these experiments, gas flow was directed in through the top and out through only one port, on 
the face opposite from the inlet. All inlet and outlet fittings are self-sealing so that the vapor flow 




A.9.2 Solvent Vapor Control Apparatus and Procedure for SANS 
The concentration of solvent vapor was controlled in a similar manner to previous 
works.4,127,128 The general concept involves flowing nitrogen gas at a known mass flow rate 
through a liquid solvent to create a saturated vapor stream. The concentration of the saturated 
stream can be controlled by varying the temperature of the liquid solvent. A lower concentration 
of solvent vapor can be created by “cutting” the saturated stream with additional pure nitrogen. 
Due to the high price of the specialty deuterated ethyl acetate-d8, the large glass bubblers used in 
prior work were not well suited to these experiments. Therefore, stainless steel bubblers with a 
minimum operating capacity of 10ml were purchased from MDC Vacuum Products (Hayward CA, 
Figure A- 7: Custom sample holder for SANS swelling experiments. Inlet and outlet ports continue 
through the cell and can be customized by attaching various plugs or tube fittings. Retaining plates, 
windows, and screws were provided by NIST. 
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U.S.A.). The bubblers were filled with approximately 15-18ml of solvent to ensure the bubbler 
outlet was sufficiently submerged, and the solvent level was topped off after 6 hours of flow at 50-
60sccm. The solvent temperature was controlled by submerging the bubblers in a circulating bath 
chiller filled with ethylene glycol. At least 2 hours was allowed for thermal equilibration prior to 
beginning any swelling experiments upon a change in bath temperature or refilling of bubblers.  
All tubing used in the apparatus was 1/8’’ outer diameter PTFE. 
 Before connecting to the SAXS swelling chamber or SANS sample cell, nitrogen flow was 
started through the bubbler line at either 50 or 60sccm (standard cubic cm per minute). Next, if 
necessary, the bypass flow rate was set and the streams were allowed to mix for 2-3 minutes to 
allow for equilibration. Presence of solvent vapor was verified by observing bubble flow rate in 
water. Once steady state was achieved, the vapor stream was connected to the inlet of the flow 
cell(s). For SANS measurements, the films were exposed to the vapor for at least 1 hour to ensure 
equilibrium, although SAXS measurements indicate no changes to the scattering patterns after 
only 30 minutes (Figure A- 8A). Before changing concentration or solvent contrast, the sample 
cell was flushed with 150sccm pure nitrogen for 1 hour to remove the solvent from the sample. 
This was only done for steps with sequentially increasing solvent concentration; to go from a 
higher concentration to a lower concentration of solvent in the film, the samples were removed 
from the cell and dried in a vacuum oven at 80°C for 1 hour. Recovery of the exact same spectra 
for the dry film ensured that drying the sample was effective and that the sorption processes were 
reversible and repeatable (Figure A- 8B). Additionally, SAXS measurements using both ethyl 
acetate EtAC-h8 and perdeuterated ethyl acetate EtAC-d8 yield the same spectra, which confirms 
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there is no preference towards either protonated or deuterated solvent by the film (Figure A- 8C). 
Fitting parameters for swelling controls based on fitting procedure in section 0 are found in  
Table A- 1: Fitting parameters of swollen films in SAXS controls as a function of swelling time 
for 𝜙𝑠(𝑉)=0.28. 𝜙𝐻𝑆,𝑤 refers to the volume fraction of hard sphere interactions from a Percus-
Yevick structure factor 











0 0.083 0.28 7.01 7.35 15.80 0.39 25.5 
15 0.077 0.28 7.01 7.37 16.00 0.39 26.3 
30 0.075 0.28 7.01 7.41 16.10 0.39 27.7 
45 0.071 0.28 7.01 7.44 16.28 0.40 28.7 
60 0.073 0.28 7.01 7.45 16.30 0.40 29.1 
 
Figure A- 8: In-situ SAXS verification and controls. (A) Time dependence of intensity during 
solvent uptake. No change in intensity after 30 minutes of soak-time indicate films <1000nm reach 
equilibrium after 30min of solvent exposure. (B) Comparison of starting film to film after solvent 
exposure and subsequent drying at 80°C under vacuum. Recovery of identical spectra indicates 
swelling process is completely reversible and no permanent structural change is induced with 
solvent exposure. (C) Comparison in SAXS of protonated EtAC-h8 and deuterated EtAC-d8 at 
15vol% solvent concentration, showing no preference for hydrogen or deuterium by film. 
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A.10 Non-Linear Rheology 
In Figure A- 9 we provide raw stress (Σ) versus strain amplitude (𝛾0) for various strain 
rates for two graft densities (0.47 and 0.66chains/nm2) for two average molecular weight (~80 and 
~130kg/mol), as well as neat PMA of corresponding molecular weights. The last strain rate plotted 
corresponds to the last strain rate sampled before the sample experienced fracture. 
Figure A- 9: Raw stress versus strain response in start-up of steady shear for various GNP and neat 




 Figure A- 10 shows the raw viscosity (𝜂) as a function of time during start-up of steady 
shear for various strain rates for two graft densities (0.47 and 0.66chains/nm2) for two average 
molecular weight (~80 and ~130kg/mol), as well as neat PMA of corresponding molecular 
weights. The linear viscoelastic envelop from SAOS/creep tests are superimposed on the data. 
Figure A- 10: Raw viscosity versus time for start-up of steady shear for various GNP and neat 
systems at various strain rates. For sample N-68 (C), low strain rates are not shown due to high 
noise. Dashed lines represent linear viscoelastic (LVE) envelope from SAOS/creep measurements 
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 Figure A- 11 shows the relaxation after cessation of steady-state flow for two graft densities 
(0.47 and 0.66chains/nm2) for two average molecular weight (~80 and ~130kg/mol), as well as 
neat PMA of corresponding molecular weights for a variety of strain rates. The stress is normalized 
Figure A- 11: Stress relaxation upon cessation of steady-state flow as a function of time for various 
GNP and neat systems at various strain rates. For sample N-68 (C), low strain rates are not shown 
due to high noise. Red lines represent stretched exponential fits. 
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by the steady-state plateau stress. Due to high levels of noise, only relaxations for relatively high 
strain rates are plotted for sample N-68. Relaxation curves are fit using a stretched exponential 
function. The fitting parameters 𝜏 and 𝛽 are shown for each sample at various strain rates in Figure 
A- 12. For low strain rates, the fit parameters of neat PMA are independent of strain rate, although 
there is a shift with molecular weight. In the GNP system, the relaxation times are strongly 
dependent on shear rate, with only slight differences in molecular weight at low strain.  
Figure A- 12: Stretched exponential fit parameters (A) 𝜏 and (B) 𝛽 of relaxation curves upon 
cessation of steady-state shear.  
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 - Supplementary Info. (Ch. 2)  
Here we present additional controls and data analysis of transport phenomena discussed 
in Chapter 2. 
B.1 Neat Polymer Controls 
The measured permeability of neat PMA over a range of molecular weights similar to those 
used for composite materials are shown in Figure B- 1A. While PMA with chain lengths <25kDa 
show a slight elevation when compared with higher 𝑀𝑛, this increase is less than 6% in most cases. 
The increase is even less pronounced for 42kDa chains (<3%), which is within experimental error. 
This is consistent with DSC experiments (see below) which show that the 𝑇𝑔 of short polymer 
chains is reduced from the presence of additional chain ends, which provide additional free 
volume. Furthermore, we observe no discernable change in permeability across a wide range of 
and film thicknesses, from 400nm-1500nm (See Figures Figure B- 1A and Figure B- 1B). Both of 
these observations are corroborated by previous QCM studies of neat PMA films.74,128 The 
permeability of CO2 in neat PMA is also shown to be constant for film thicknesses between 0.5 <




B.2 Bare Particles in Neat Polymer 
Physical mixtures of PMA ( 𝑀𝑛 =72kDa) and bare silica nanoparticles also show a 
substantial decrease in material permeability (Figure B- 2), consistent with conventional composite 
theories regarding molecular diffusion in the presence of inert particles. Similar reductions 
measured by QCM in the same polymer/nanoparticle system have also been reported previously.74 
  
Figure B- 1: Neat PMA Transport Data. (A) Extracted ethyl acetate permeability data for 
63kDa neat PMA film at a variety of film thicknesses. (B) Ethyl acetate permeability data 
for neat PMA with a variety of 𝑀𝑛 . The shortest chain length has minor permeability 





B.3 Effects of Graft Density 
We first review PMA composites with a low grafting density (σ = 0.07 chains/nm2). 
Permeability data extracted from the QCM experiments described above are shown in Figure B- 
3A. For these plots the neat polymer permeability is taken to be the average of the five molecular 
weights reported in Figure B- 1B. At low molecular weights (𝑀𝑛 <25kDa), permeability in general 
is suppressed relative to the neat polymer, as shown in the corresponding volcano plot in Figure 
B- 3B. Moderate 𝑀𝑛  have permeabilities comparable to the neat PMA, with some observable 
increases at intermediate 𝑀𝑛. The 72kDa composites display permeability increases as large as 
1.75 times that of the melt. Large 𝑀𝑛  show a suppression in permeability, consistent with 
Maxwell’s reasoning that the silica cores become point defects that hinder molecular transport 
Figure B- 2: Relative permeability of ungrafted silica composites as a function of silica volume 
fraction. Data are shown for multiple experimental partial pressures, and are normalized by the 
value in the corresponding neat PMA 𝑀𝑛 
144 
 
when the polymer fraction becomes sufficiently large. Trends in relative ethyl acetate diffusion 
constant, while slightly less clear, follow a similar trend and clearly show that the permeability 
increase is predominantly a result of increased diffusion (Figure B- 3C). 𝐾𝑖 varies slightly as well, 
but there is no observable trend with 𝑀𝑛 and the increases are less than 30% than that of the neat 
polymer (Figure B- 3D).   
Figure B- 3: Ethyl acetate vapor diffusion in Σ=0.07chains/nm2 graft density composites. (A) 
Extracted permeability data for a series of PMA composites with varied 𝑀𝑛 with graft density; (B) 




Additionally, raw relative diffusivities and partition coefficients for the σ=0.43chains/nm2 
PMA composites are compared to neat PMA melts as a function of 𝑀𝑛 for multiple gas phase 
loadings in Figure B- 4B and Figure B- 4C (representative extracted data are shown in Figure B- 
4A). At all experimental gas loadings, the permeability and the diffusivity show a non-monotonic 
increase as a function of the graft molecular weight, with a maximum permeability increase of 
Figure B- 4: Ethyl acetate vapor diffusion in Σ=0.43chains/nm2 graft density composites. (A) 
Extracted permeability data for a series of PMA composites with varied 𝑀𝑛 with graft density 
Σ=0.07chains/nm2; (B) relative permeability; (C) diffusion constant and (D) partition coefficient 
as a function of 𝑀𝑛 
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approximately 3.75 times that of neat PMA at moderate 𝑀𝑛 (=62kDa).This relative increase is 
substantially higher than that observed for low graft density composites (see above). The partition 
coefficient is slightly increased in all molecular weights, but there is no discernable trend in the 
increase and the increase is generally within experimental error.  The non-monotonic increases in 
permeability relative to the PMA melt are surprising as Maxwell’s prediction would anticipate a 
suppression in relative permeability as the particle volume fraction 𝜙  is increased, i.e., the 
permeability should strictly decrease with decreasing polymer brush length. 
Additionally, the effect of aging at low graft density is shown in Figure B- 5. No significant 
decrease in permeability due to aging was found after two years, suggesting that there has been no 
loss of material free volume with time as is typically observed in glassy polymers and polymer 
nanocomposites.  
 
Figure B- 5:  Effect of Aging on low graft density grafted particle membranes.  
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B.4 Permeance   
We also report permeance data, calculated by dividing the measured permeability by the 
film thickness, in Figure B- 6. Figure B- 6A and Figure B- 6B refer to CO2 permeance taken from 
conventional light gas permeation experiments, while Figure B- 6C and Figure B- 6D are from 
QCM experiments using ethyl acetate in a high σ PMA composite. While the permeance of these 
films are modest (Figure B- 6A), this is directly related to the thickness of the films tested.  Given 
that the films are rubbery and that permeability is constant across a wide range of thicknesses, 
these materials can clearly allow for high permeance films.  Figure B- 6B shows the CO2 
permeance of the PMA composite materials for film thicknesses of 500nm, which can be readily 
fabricated in the laboratory.  
The ethyl acetate permeance data are shown in extracted and reduced form (Figure B- 6C 
and Figure B- 6D, respectively). In both cases we observe qualitatively similar trends.   This is 
unsurprising as the measured film thicknesses of the composite films are all within the range of 
560-595nm and therefore trends in permeance and permeability data are approximately equal. 
Figure B- 6E shows the relative permeance increase from light gas permeation experiments.  For 
comparative purposes, the film thickness of all films is assumed to be 500nm and that the 
permeability of each material is identical to its 30-50μm counterpart. This is a very reasonable 
assumption given the excellent agreement between QCM experiments and conventional gas 
sorption experiments (see gas transport measurements in films with thickness <1µm via QCM, 
below). The qualitative shape in this plot is reminiscent of that seen in Figure 2.2B, indicating that 





Figure B- 6: Permeance in Σ=0.43chains/nm2 graft density composites. (A) Calculated permeance, 
Ψ, of PMA composites as a function of graft PMA molecular weight. Experimental film 
thicknesses are in the range of 30-50µm; (B) “Robeson” plot of CO2/CH4 selectivity against CO2 
permeance for film thicknesses of 500nm. The vertical line represents the permeance of cellulose 
acetate (100GPU), a common industrial membrane material; (C) Ethyl acetate permeance 
calculated from QCM; (D) Relative ethyl acetate permeance; (E) Relative permeance increase 
from light gas permeation experiments. For comparison, the CO2 and CH4 permeance in neat PMA 
are 13.44 and 0.48GPU, respectively. 
149 
 
B.5 Infinite Dilution Model 
The permeability trend for each material sample can be fit to a simple exponential model 
of the form 𝑃∞𝑒
𝛽𝑝, where 𝑝 is the penetrant partial pressure and 𝑃∞ and 𝛽 are fitted parameters. 
For such a model, the coefficient 𝛽 can be envisioned as a concentration dependent term, and 𝑃∞ 
as a materials permeability at zero concentration (a so-called “infinite dilution” permeability).  
Relative values of 𝛽 compared with  𝛽𝑛𝑒𝑎𝑡 for low and high σ composites are shown in Figure B- 
7A-B. For low σ composites, 𝛽/ 𝛽𝑏=1 within experimental error. While there is a general increase 
in 𝛽  for moderate molecular weight grafts at high  σ , there is no discernable trend and the 
differences in this elevation again remain within measurement error.  Conversely, Figure B- 7C 
shows that 𝑃∞  exhibits non-monotonic behavior as a function of molecular weight for low σ 
materials.  Consistent with the relative permeability curves in Figure B- 3B we observe that 𝑃∞ 
suppressed at both low and high chain lengths, but has a strong local maximum at moderate chain 
lengths (i.e., 𝑀𝑛=72kDa).  The same trend in 𝑃∞ is qualitatively observed for high σ composites 
(Figure B- 7D) however in this case the relative ratio exceeds unity for all molecular weights. The 




B.6 QCM Measurements of Light Gases 
The permeability of CO2 in neat PMA (𝑀𝑛=63kDa) measured QCM is 6.72 Barrer, which 
is in excellent agreement with the 6.67 Barrer measured using conventional permeation cells.72  
Diffusion constant and solubility values are also similar to values collected using conventional 
Figure B- 7: Exponential regression of permeability from QCM. Relative increase in (A) 𝛽 for 
Σ=0.07chains/nm2; (B) 𝛽  for Σ=0.43chains/nm2; (C) 𝑃∞ for Σ=0.07chains/nm





techniques (see Figure B- 8A). Measurements of the CO2 permeability in neat PMMA yield a value 
of 0.66 Barrer, also in good agreement with the literature value of 0.65 Barrer.12 Additionally, we 
report the permeabilities and selectivities of various light gas pairs for PMA-based composites 




Figure B- 8: Verification of QCM as a method for measuring light gas diffusion. (A) Comparison 
of 𝑃 , 𝐷 , and 𝑆  of CO2 in neat PMA ( 𝑀𝑛 =135kDa) measured with QCM compared to 
measurements from conventional permeation experiments. Literature values are taken from 
reference 72; (B) relative increase of 𝑃, 𝐷, and 𝑆 of CO2 in grafted PMA composite materials. The 
relative increase in 𝑃 from these experiments is similar to that found via permeation experiments; 
(C) Absolute CO2 permeabilities of PMA composites.  
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CO2 solubility in the composite films is shown in Figure B- 8B. It is evident that there is 
increased gas sorption in the composite materials relative to the neat PMA, which is further 
corroborated by measurements of N2 solubility using the BET method.  While the relative 
solubility of CO2 is increased in the composite materials, no discernable trend can be seen and 
most composite solubilities are within 20% that of neat PMA.  Conversely, 𝐷 is strongly elevated 
in the composite materials by up to eight times that of neat PMA, consistent with QCM data on 
Figure B- 9: Additional light gas permeation for PMA grafted nanoparticle films. Robeson plots 




light gas permeation experiments. The absolute CO2 permeability values calculated using this 
technique are shown in Figure B- 8C so they may be directly compared with that of neat PMA. 
The CO2 and CH4 permeabilities in PMMA-grafted nanoparticle materials were also tested.  
CO2 permeability shows no 𝑀𝑛  dependence for the PMMA materials tested. The relative 
permeability increases in a series of PMMA composites are shown in Figure B- 10A. Trends 
qualitatively similar to those observed for PMA composites are also seen here; that is, permeability 
is enhanced in all composites, and the degree of increase in permeability is non-monotonically 
dependent on the graft 𝑀𝑛 . The infinite dilution values of 𝑃𝐶𝑂2  and 𝐷𝐶𝑂2  also show similar 
enhancements (Figure B- 10B). This indicates that the permeability enhancements are not limited 
to rubbery polymers, and this grafting procedure can therefore be extended to polymer glasses as 
well. 
Figure B- 10: Gas transport in PMMA grafted composites via QCM. (A) Comparison of relative 
𝑃, 𝐷, and 𝑆 of CO2 in PMMA composites measured using QCM. (B) Infinite dilution properties 
of 𝑃, and 𝐷 in these materials  
